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Dear Dr. Harris, 
Many thanks for the detailed and constructive comments from you and the two reviewers concerning 
our manuscript. 
We have considered these comments very carefully and revised the manuscript accordingly. In relation 
to Reviewer 1’s comments, we have completely over-hauled the manuscript’s structure. We now place 
the study in the context of using sediment trap data to derive zooplankton non-predatory mortality 
under the condition when processes in addition to sinking (e.g. ingestion, microbial decomposition, 
turbulent mixing) are important in eliminating carcasses.Dr. Kam W. Tang has made significant 
contributions in re-interpreting the data and rewriting the manuscript; he is now included as a co-
author. In relation to Reviewer 2’s comments, we now explain more clearly the mathematical 
formulations for calculating non-predatory mortality from sediment trap data.  
More detailed point-by-point response to the comments are in the following pages. 
We hope that this revision has addressed the reviewers’ concerns and is acceptable for publication. 
Please do not hesitate to let us know if you have further comments or suggestions. 
 
Best regards, 
 
Dr. Olga Dubovskaya (corresponding author) 
  
 
Reviewer(s)' Comments to Author: 
Page and line numbers refer to the revision with track change “off” 
 
Reviewer: 1 
 
Comments to the Author 
This paper investigates the non-predatory mortality of copepods in a fishless brackish lake using a 
combination of plankton sampling and sediment trapping, plus an investigation into the physical 
dynamics of the upper water column that help with interpretation of results. 
Page 1 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
The subject matter is suitable for JPR and the content of the paper is generally solid.  However, I have 
several substantive concerns and would want to see a major overhaul of the paper before it is 
considered for publication. 
The first concern is about presentation, which normally would not be the first topic in a review but 
improving clarity may help resolve some of the other issues. There are numerous errors in the use of 
English, which is understandable; this must be corrected before resubmission but does not materially 
interfere with reviewing the MS.  However, in many places (some identified below) in the MS I found it 
very difficult to understand what the authors were trying to say.  This arose because of poor 
organization, lack of clarity and consistency in terminology, a superficial treatment of statistical 
analyses, and vague and subjective treatment of topics such as the role of loss of carcasses within the 
water column. 
>>We have made extensive changes to the manuscript’s structure. We now place the study in the 
context of deriving zooplankton non-predatory mortality rates from sediment trap data when processes 
in addition to sinking play an important role in eliminating the carcasses. We have extensively edited 
manuscript, clarified places there were unclear, and improved the language. 
We changed the paper title, Introduction (from line 51, page 3), non-predatory mortality estimation in 
Methods (lines 79-155, pp. 4-6), some parts of Discussion, Conclusion and Abstract (see below). English 
of the whole MS was checked and improved by Dr Kam W. Tang, who made significant contributions to 
rewriting the MS. He is now included as a co-author. 
 
The paper is ostensibly about a comparison between two methods of measuring NPM.  However, the 
equations used to develop the basis for analyses are clearly incomplete in lacking a term for losses of 
carcasses within the water column.  Then the Discussion addresses this topic over the course of several 
pages!  A scientific paper is not a mystery novel; key topics should be brought up in the Introduction and 
addressed throughout.  If that were done the manuscript would be far more robust and interesting, as a 
paper on the importance of predation in loss of carcasses rather than a methodological paper.  Such an 
analysis would also help to explain the concluding sentence in the Abstract, which made no sense to me 
until I read page 14.  
>>We apologize if our manuscript came across as a mystery novel--- that was not our intention. We have 
now reshaped the manuscript to focus on its main message,such that the study is presented in the 
context of deriving zooplankton non-predatory mortality rates from sediment trap data when processes 
in addition to sinking play an important role in eliminating the carcasses. The rationale behind the study 
is now more clearly explained in the Introduction (lines 58-75, pp.3-4), and the data are discussed 
accordingly in the Discussion (lines 389-421, pp.13-14; lines 450-503, pp.15-16). We have also shortened 
the Discussion without sacrificing important details. 
 
It is also not necessary to actually calculate the NPM estimates to see the effect of loss of carcasses on 
the results.  NPM estimates will differ depending on the differences between the two terms yi and y* in 
the equations.  From Figs. 3 and 5, copepods are most abundant at or near the surface, and carcasses 
are distributed only slightly deeper.  Therefore it is clear that y* <yi, and the NPM calculated using y* 
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will be much less than that using yi. In other words, the comparison in Table 4 is superfluous. Since the 
difference between these equations is a function of the underlying assumptions, it would seem better to 
outline in the Methods why one set of assumptions is preferable to the other and then use that method 
throughout.  This would give a clean set of results that would be available for comparison with other 
findings. 
>>Perhaps we did not explain the meaning of the equations clearly enough in the previous version. The 
obvious fact that y* <yi was the starting point of our study, which needed explanation and quantification 
because it contradicted the common assumptions behind the use of sedimentation trap for NPM 
estimation.While we agree that one can get a first impression of the effect of carcass loss by observing 
y*<yI̅, we think it is important to demonstrate the effect quantitatively, and also to explain the meaning 
of the trap data when y* < yI̅   vs. y* ≥ yI̅. To clarify these points, we followed exactly the suggestions of 
the Reviewer by describing carefully the assumptions behind both approaches in Introduction and by 
comparison of their outcomes in Discussion. Following the reviewer’s suggestion, we have now 
explained the mathematical derivations and the underlying assumptions more clearly, as well as their 
meaning for calculating non-predatory mortality. Furthermore, in the revision we explain and quantify 
the parameters G and D, which represent the elimination of carcasses by sinking and by water column 
processes, respectively, shown in Table 5 (p.27, line 705). In this context, the comparison in Table 5 is 
essential for the presentation of results and should be retained. G and D are described in Results (line 
355-358, p.12) and are discussed in Discussion (line 414-421, p.14; line 435, p.15), and the paragraph 
Turbulence effect and microbial decomposition (line 450-503) also discussed processes included 
in D. We substituted Fig. 5 with Table 4 (p. 26, line 701) with additional data about the difference 
between y* and yI̅., as (yi̅– yi*) and (yi*/yi̅), which are described in Results (lines 353-355, p.12) and 
discussed in Discussion (lines 402-413, p.14) 
 
The statistical treatment seems weak.  I think there is an overemphasis on statistical testing, with many 
of the tests having (unstated) trivial null hypotheses. One example is the test of differences in 
abundance by depth band: the null hypothesis is that the distribution would be uniform, but since the 
lack of copepods at depth was already established, there would be no good reason to entertain such a 
null.  More generally the aim of this study is to quantify NPM and assess the two methods of calculation, 
not to test hypotheses. 
>> Following the reviewer’s suggestion, we have removed some of the text related to statistical testing. 
We now focus our message on quantifying NPM using sediment trap data when also accounting for 
carcass removal by water column processes.  
Stratification of vertical distribution of live and dead Arctodiaptomus abundance and the fact y* < yI̅, are 
obvious from Fig.3 and Table 4 and their description in Results (line 299-310, p. 11).One-way ANOVA 
revealed in general significant difference between sinking velocities of carcasses of different 
Arctodiaptomus stages (line 342-346, p.12), and two-way ANOVA revealed the differences between 
mean sinking velocities of different stages during different time periods which were taken for mortality 
calculation (line 346-348, p.12). More detailed statistics is redundant and is deleted from the MS. 
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The first paragraph of the Discussion should be made more rigorous.  It is vague, poorly supported, and 
unclear, and should be replaced by a model-based approach that more convincingly supports its 
conclusions.   Relative error is probably not the best statistic for such a comparison. The same holds for 
analyses Page 14.   
>> We have completely rewritten the Discussion. It now begins with a discussion of the suitability of 
sediment trap method for studying sinking fluxes (including zooplankton carcasses) (p.13, line 371-387). 
We used Relative Errors to confirm that our data from traps and the water column had the same 
variability as common hydrobiological data (line 393-401, pp.13-14). 
 
Why are maxima and minima used for these analyses? Maxima and minima are inherently not robust. 
>>Gammarus predation was estimated as consumption = respiration losses (or daily energy 
expenditure). The word “minimal” was deleted from the text (line 436-437). However, to 
estimate maximal possible consumption we took maximal abundance of Gammarus in the 
water column. This maximal consumption appeared to be more interesting in comparison with 
difference between y* and yI̅. The conclusion “ingestion of carcasses by G. lacustris within 0-12 
m could explain the loss of carcasses” (line 448, p.15) will not change by using average 
Gammarus abundance in the calculations. 
 
The full paragraph on page 16 is disorganized, very hard to follow and poorly argued and supported.  If 
the random-walk model is unsuitable, it should not be brought up as if it were suitable and then 
discarded.  Some other model might be preferable, but the unsuitability of this model should be 
explained better. 
>> We have completely rewritten the Discussion. The message is not that the random walk model is 
unsuitable (it is for sure suitable for description of turbulence);the model shows that ‘turbulence’ in its 
conventional sense (isotropic, homogeneous, small-scale,viscosity-dominated,Reynolds-type velocity 
fluctuations) cannot produce any direct effect on particle sinking on time scales essentially longer than 
those of the turbulent fluctuations. The paragraph is rewritten to make the point clear. (page 16, line 
488-498) 
 
The data are based on counts and there are model-fitting procedures specifically for use with count data 
that allow the researcher to avoid the use of non-parametric methods (which generally give only yes/no 
answers and are therefore of no use in a study such as this).  Such methods, including Poisson and 
negative binomial regression, are readily available in R and widely used. 
>>We intentionally avoided any model-fitting procedures, as they would contradict to the main point of 
the study, viz. understanding what the sediment trap data deliver with regard to estimation of the 
zooplankton production-mortality budget. 
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We used only two Anova with normally distributed data without additional statistics that seemed to be 
redundant. We deleted a sentence about using non-parametric Kruskal-Wallis test (line 275-276, p. 10). 
 
A good example of the lack of clarity is the terminology used in the equations and to describe the 
results.  The letter y is used for a variety of things: y is carcass abundance by depth and sample, yi is 
mean carcass abundance above the trap with i apparently signifying sample, y* is the abundance at trap 
depth, and Y is the catch of the trap over a time interval.  I kept having to go back to remind myself 
which form of y meant what.  Sinking rates are variously described with the letters v and w.  A table of 
terms would help but there are many other letters in the Roman and Greek alphabets that could be 
used for some of these things, and the choices could be made to clarify the meaning for the reader.  
Moreover, all of these terms have a time (sample) component to them but only yi is so identified.   
>>The nomenclature was indeed slightly mixed up and difficult to follow. We have now carefully revised 
all symbols in order to make them consistent across all derivations (in Methods, line 79-155).  
 
There are many examples of inappropriate words or baffling phrases (page/Line number): 
>>The entire text is extensively revised following the reviewer’s suggestions.  
3/44”turbulence” => “turbulent” 
>>Rewritten as suggested. 
3/57 “a studying water column” 
>>Rewritten. 
4/8-10 “estimation…beneath.”  Unclear 
>>Rewritten as suggested. 
10/50 “averaged…limits” 
>>Rewritten, line 318-319, p.11 
11/12 “as well as…” this seems to say that the swimmers in the traps had Gammarus guts in their guts, 
which I don’t think is the intended meaning. 
>>Improved as suggested, Line 328-331 
14-55 “were similar”  Similar to the carcass density I guess, but it should say so. 
>>The sentence is deleted. 
15/32-33 “Although… effect”  No idea what this means. 
>>Rewritten, line 471-473, p.16 
15/45-46 “laboratory settling column velocity decreased by a factor of two”  No it didn’t. 
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>>The sentence is deleted. 
16-1 Zero excess density at zero sinking velocity – this is a tautology. 
>>Rewritten, line 486-487, p.16 
16/39 “poorly” 
>>Rewritten 
 
Other specific comments  
10/20 Usually when a citation is included it means the statement should be in the Discussion.  
>>Citation is moved to Discussion 
11/40 “pairs of nauplii and males or …”  So pairwise statistical tests were run? What is the null 
hypothesis, and is it a meaningful one? 
>>This statistical analysis is removed. 
3/20 spelling of author’s name (and other misspellings) 
>>Improved as suggested. 
3/32 “sedimentation…decomposition” Clarify the basis for this comparison – presumably the former is a 
velocity and the latter is a specific rate.  In any case “is believed” is rather weak and could be made 
stronger by a brief statement of what actually has been found in previous studies.  
>>Rewritten as suggested. 
12/55-56 “or equilibrate…. beneath.”  No idea what this means. 
>>Rewritten as suggested. 
  
 
Page and line numbers refer to the revision with track changes “off” 
 
Reviewer: 2 
 
Comments to the Author 
The authors present a paper with a lot of field data and mathematical framework for the estimation of 
non-predation mortality of Arctodiaptomus salinus (Copepoda: Calanoida) in a brackish meromictic Lake 
Shira (Russia). The methods of sampling, counting, video recording etc. look well. The equations and 
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mathematical transformations are no doubt. As result the paper seems a good methodological study of 
complicated estimation of non-predatory aspect of zooplankton mortality. 
On the other hand, the main idea of paper is the comparison of two equations. It looks as restricted 
barrier for study: 
First, I think that the comparison of these two equations is impossible.  
>> We thank the reviewer for the compliment. Following the editor’s and the reviewer’s suggestion, we 
have restructured the manuscript substantially such that it does not appear to be merely about method 
(equation) comparison. Instead, we place the study in the context of deriving zooplankton non-
predatory mortality rates from sediment trap data when processes in addition to sinking play an 
important role in eliminating the carcasses.Furthermore, in the revision we explain and quantify the 
parameters G and D, which respectively represent the elimination of carcasses by sinking and by water 
column processes.  
G and D are given in Table 5 and described in Results (line 355-348, p.12) and are discussed in Discussion 
(line 414-421, p.14, line 435, p.15).The paragraph Turbulence effect and microbial decomposition 
(line 450-) also discussed processes included in D. We substituted Fig. 5 with Table 4 (p. 26, line 701) 
with additional data about difference between y* and yI̅., as (yi̅– yi*) and (yi*/yi̅), which are described in 
Results (lines 353-355, p.12) and discussed in Discussion (lines 402-413, p.14) 
 
It is clear that Eq. 8 estimates NPM of C5 stage because copepodities C5 only congregated near trap 
position (Figs 3, 5). However, Eq. 6 estimates NPM of whole population. The comparison of the results of 
these two equations is not good way. 
>>The NPM calculation is affected by carcass distribution within the water column. In the revision, we 
calculate NPM using the different formulations (Line 79-155 in Methods) for all the available 
developmental stages, and not just C5 (Table 5). Furthermore, in the revision we explain and quantify 
the parameters G and D for the different developmental stages, which respectively represent the 
elimination of carcasses by sinking and by water column processes (see above page, line) The revision 
should provide readers with a fuller view of the calculation and interpretation of stage-specific NPM. 
 
Second, it seems that the Eq. 6 determines NPM well if the population has homogenous vertical 
distribution. However, the stages of Arctodiaptomussalinus have pronounced unstable different 
positions in water depth (Fig. 3). There is reasonable doubt that Eq. 6 is suitable in this case. 
>> As explained above, we calculate NPM using the different formulations for all the available 
developmental stages (Table 5). We also quantify the parameters G and D presenting the elimination of 
carcasses by sinking and by water column processes, respectively (see above page, line). We also 
compare our NPM estimates with literature data to assess their validity. This revision should therefore 
provide readers with a fuller view of NPM calculation and interpretation of the data (Line 539-547 – 
Conclusion) 
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My suggestions are: 
 
1. The comparison of two equations should be excluded from paper.  
It is possible to use Eq. 8 as an example for estimation NPM of separate stage of copepodities.  
>> We feel that both equations are needed in order to explain the effect due to different carcass 
elimination processes. We have restructured the manuscript substantially such that it does not appear 
to be merely about method (equation) comparison. Instead, we place the study in the context of 
deriving zooplankton non-predatory mortality rates from sediment trap data when processes in addition 
to sinking play an important role in eliminating the carcasses (Introduction, line 58-75, Methods, line 79-
155, Discussion). 
 
2. It would be useful for the reader if the authors add at least small review of papers with the formulas 
of NPM and its parameter’s estimations. 
This review can present the scale of main idea of paper. 
>> In the Introduction, we have now included a literature review of NPM, its estimations and ecological 
consequences. This will help readers to put our study in a broader ecological context (page 3, line 41-
68). 
 
3. I am very surprised to see a lot of equations in Discussion.  
It seems to be better to separate the equations from «Reality check of non-predation mortality 
estimates» and to write a new paragraph in Methods.  
>> We have now shortened the Discussion and moved the relevant equations to the extended 
‘Methods’ section (line 79-155). We also have shortened the subsection “Reality check of non-predatory 
mortality estimates” and focused on comparing our values with literature mortality values (page17, line 
514-531) 
 
Specific additional comments 
>> We have revised the text extensively as suggested. 
 
Page 2, line 30:  
Keyword “non-predation” should be replaced by “non-predatory”. 
>> Changes made throughout the manuscript as suggested. 
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Page 8, line 35:  
The authors write about the layer from 12 m to surface for obtaining the values of parameters Ni and yi.  
However, they write about the layer 0-15 m for these parameters on page 12, line 52 and page 34, line 
47. 
Which depth is correct? 
>>We clarified this in line 213-214 and line 236-242 of Methods. NPM was calculated in the whole water 
column 0-15 m with using N I, yi̅, and yi̅+1  for this layer, these characteristics were calculated with 
using data from 0-12 m. 
 
Page 13, line 50: 
A subscript “i” is missed for parameter y. 
>>All nomenclature is checked and corrected.  
Page 22, lines 1 – 9: 
Double reference 
>>We have revised the text following the reviewer’s suggestions 
Page 16, line 17 and page 23, line 25: 
McDonell or McDonnell? 
>>Changed to McDonnell 
Page 16, line 20 and page 23, line 29: 
McDonell or McDonnell? 
>>Changed to McDonnell 
Page 15, lines 50, 54 and page 23, line 57: 
Svetlichny or Svetlichnyyi? 
>>Changed as in the cited literature 
 
Page 7, line 12 and page 24, line 19: 
Tolomeyev or Tolomeev? 
>>Changed as in the cited literature 
Page 14, line 50 and page 24, line 19: 
Tolomeyev or Tolomeev? 
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>>Changed as in the cited literature 
Page 14, lines 40-42 and page 24, line 45: 
Tolomeyev or Tolomeev? 
>>Changed as in the cited literature 
Page 17, line 59: 
I can’t understand last sentence.  
It seems that you should use the term "carcasses elimination" instead of the term "carcasses 
production". 
>>Rewritten as suggested. 
Page 31, line 51: 
A comma is missed between “temperature” and “salinity”. 
>>Improved as suggested. 
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Effects of water column processes on the use of sediment traps to measure zooplankton non-1 
predatory mortality: a mathematical and empirical assessment 2 
 3 
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Page 11 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
2 
 
Abstract 22 
Zooplankton populations can at times suffer mass mortality due to non-predatory mortality (NPM) 23 
factors, and the resulting carcasses can be captured by sediment traps to estimate NPM rate. This 24 
approach assumes sinking to be the primary process in removing carcasses, but in reality carcasses 25 
can also be removed by ingestion, turbulent mixing and microbial degradation in the water column. 26 
We presented mathematical formulations to calculate NPM from sediment trap data by accounting 27 
for carcass removal by processes in addition to sinking, and demonstrated their application in a field 28 
study in Lake Shira. Carcass abundance of the major calanoid copepod Arctodiaptomus salinus 29 
decreased with depth, indicating the effect of carcass removal from the water column. The 30 
estimated NPM values were comparable to physiological death rates reported in the literature. We 31 
further used independent data to partition carcass removal into detritivory, turbulent mixing and 32 
microbial degradation. Estimated ingestion by the amphipod Gammarus lacustris could account for 33 
the disappearance of copepod carcasses above the traps. Wind-driven currents and turbulence could 34 
also extend the carcass exposure time to microbial degradation. Collectively, these water column 35 
processes would facilitate the remineralization of carcasses in the water column, and diminish the 36 
carcass carbon flux to the benthos.  37 
 38 
39 
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Introduction 40 
Zooplankton population dynamics is determined by two fundamental processes: Birth and death. In 41 
contrast to birth rate, estimation of in situ zooplankton mortality is logistically challenging 42 
(Dubovskaya, 2009; Tang and Elliott, 2013;Kimmerer, 2015). Apart from predation, zooplankton 43 
can suffer non-predatory mortality (NPM) such as senescence, environmental stresses, food 44 
limitation, diseases and parasitism (Tang et al., 2014), and leave behind carcasses. The importance 45 
of NPM in constraining zooplankton population growth has been demonstrated theoretically 46 
(Gentleman and Head, 2017) and empirically (Elliott and Tang, 2011). It can account for on average 47 
25-33% of the total mortality among epi-pelagic marine copepods (Hirst and Kiørboe, 2002; Elliott 48 
and Tang, 2011); in some cases, NPM is the main cause of zooplankton population collapse (e.g. 49 
Gries and Gude, 1999; Dubovskaya et al., 2003; Wagner et al., 2004). 50 
Sediment traps are widely used to collect sinking matter for characterization and to quantify 51 
sinking fluxes (Buesseler et al., 2007), and appearance of zooplankton carcasses (distinguishable 52 
from swimmers) in sediment traps indicates the role of sinking in removing zooplankton carcasses 53 
from the water column (Frangoulis et al., 2011;Dubovskaya et al., 2015). Several sediment trap 54 
studies have highlighted the contribution of zooplankton carcasses to the carbon sinking flux 55 
(Sampei et al., 2009, 2012; Ivory et al., 2014); sediment trap data also have been used to estimate 56 
carcass sinking rates and NPM (Dubovskaya et al., 2015). 57 
In addition to sinking, zooplankton carcasses can be removed by a multitude of water column 58 
processes such as microbial decomposition, detritivory and turbulent mixing before the carcasses 59 
reach the traps (Dubovskaya, 2008; Elliott et al., 2010; Kirillin et al., 2012).Indeed, a decrease in 60 
carcass abundance with depth has been reported (e.g., Bickel et al., 2008). Therefore, proper 61 
calculation of NPM requires knowledge of both the mean carcass abundance in the water column 62 
above the sediment trap (y̅) and carcass abundance at sediment trap depth (y*). By comparing y̅ and 63 
y*, we can also gain insights into the relative importance of sinking vs. other removal processes in 64 
controlling the fate of zooplankton carcasses. In the simplest terms, we can consider two scenarios: 65 
(i) y̅ ≤ y* suggests sinking dominates over other processes in removing carcasses from the water 66 
column; (ii) y̅ > y* suggests other processes are also important in removing carcasses (see Methods 67 
section for details). 68 
 Here we use Lake Shira, a fishless brackish meromictic lake in Russia, as a model system to 69 
study in situ NPM and carcass dynamics of the dominant species Arctodiaptomus salinus 70 
(Copepoda: Calanoida). The objectives were to estimate NPM from sediment trap data and 71 
investigate the relative importance of sinking vs. other removal processes―encapsulated by the 72 
removal coefficient D―in controlling carcass dynamics in the water column. We further attempted 73 
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to partition D by independently estimating microbial degradation, turbulent resuspension, and 74 
detritivory by the dominant invertebrate predators.  75 
 76 
Methods 77 
Non-predatory mortality estimation 78 
 In situ NPM estimations are based on the equation of vertical transport with a source term in 79 
the following form: 80 
z
F
mN
t
y
∂
∂
−=
∂
∂
,         (1) 81 
where m (d-1) is the specific non-predatory mortality, F is the vertical flux of carcasses, N and y are 82 
abundances of live individuals and carcasses (ind m-3), respectively. Integration of this equation 83 
over the layer 0 <z <h above the sediment trap, under the assumption of zero flux of the carcasses 84 
across the air-water boundary F(0) = 0, yields:  85 
*y F
mN
t h
∂
+ =
∂
,         (2) 86 
where the overbar means averaging over the water column 0 <z <h; the vertical flux F* of carcasses 87 
at the trap exposure depth h (ind m-2 d-1) is directly measured by sediment traps as 88 
* * * YF v y
S
≡ =  ,         (3)  89 
and  90 
v* = Y/(Sy*).          (4) 91 
Here, Y is number of carcasses accumulated in a sediment trap per day (ind d-1), S is the input area 92 
of the trap (m2), v* (m d-1) and y* (ind m-3) are the sinking velocity of carcasses and the 93 
concentration of the carcasses at trap exposure depth (i.e. outside the trap), respectively. The final 94 
expression of the non-predatory specific mortality m becomes 95 
*1 ym Gy
N t
∂ = + ∂ 
,         (5) 96 
subject to subsequent integration with respect to time based on discrete series of measurements on 97 
y* and v*. Here, 98 
*v
G
h
=           (6) 99 
is the specific rate of elimination of carcasses from the water column via sinking. In order to 100 
explore the application of Eq. 1and Eq. 5 to estimate NPM, we consider a simple case of depth-101 
constant sinking velocity v. Then, Eq. 1 becomes 102 
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y y
mN v
t z
∂ ∂
= −
∂ ∂
.         (7) 103 
Assuming further that the live zooplankton are homogeneously distributed throughout the water 104 
column (N=constant), and the situation is close to steady state (∂y/∂t≈0), Eq. 1 is solved as 105 
y = (mN/v*)z + y0,         (8) 106 
i.e. abundance of carcasses y should increase linearly with depth unless they are removed before 107 
reaching the trap. This equation however does not take into account various processes other than 108 
sinking, such as turbulence, degradation and detritivory, in removing carcasses from the water 109 
column. The combined effect of these processes can be represented by adding a first-order removal 110 
rate with a coefficient D to Eq. 1: 111 
y y
mN v Dy
t z
∂ ∂
= − −
∂ ∂
.         (9) 112 
In contrast to Eq. 8, solution to Eq. 9 yields exponentially decaying carcass abundance y with depth. 113 
To explore its effect on m, we assume the instantaneous carcass abundance is proportional to the 114 
abundance of live zooplankton, y = δN. The analytical solution to Eq. 9 under the same assumptions 115 
N = constant and ∂y/∂t ≈ 0 is 116 
( ) 0 exp
m D
y z y z
v
δ
δ
− =  
 
,        (10) 117 
and the solution with respect to m, analogous to Eq. 5 can be written as 118 
( )*1 1ym Dy Gy
N t N
∂
= + +
∂ .
        (11) 119 
Thus, the mortality rate mtrap  calculated from sediment trap data is reduced by relative loss rate, as 120 
compared with the real mortality in situ: 121 
trap
y
m m D
N
= − .         (12) 122 
Hence, at high removal rate D, carcass abundance at trap depth (y*) approaches zero, and 123 
estimations of mortality from Eq. 5 become unreliable. Its alternative, Eq. 11 requires empirical 124 
measurement of D by extensive sampling and analysis of the plankton communities, which is 125 
logistically challenging to do in parallel to in situ trap measurements. A practical alternative is by 126 
adopting the integral sample of carcasses abundance over the entire water column as an 127 
approximate of their abundance at the trap deployment depth, i.e. 
*y y≈ , which turns Eq. 5 to: 128 
1 y
m G y
N t
∂ = + ∂ 
         (13) 129 
This formulation was used for NPM estimations by Gladyshev and Gubanov (1996) (see also 130 
Gladyshev et al., 2003).  131 
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 132 
By comparing Eq. 13 and Eq. 5; i.e. replacing y* with y , we can estimate the variance in m caused 133 
by elimination of carcasses above the trap depth. For example, introducing γ = (D–m/δ)/v, one can 134 
show that 
*/y y → 1 at γh→ 0, and */y y → ∞ at γh→ ∞, where h, as before, is the depth of the 135 
trap exposition. Hence, Eqs.5 and 13 are interchangeable if the traps are positioned close to the 136 
depth of the maximum abundance of zooplankton (Dubovskaya et al., 2015), and the error becomes 137 
higher with deeper exposition of traps. An intermediate case γh≈ 1 yields
*/y y  ≈ (e – 1) ≈ 1.71, i.e. 138 
Eq. 13 would in typical configurations slightly overestimate the mortality rate, but the 139 
overestimation is within the range of method accuracy. Eq. 13 becomes equivalent to Eq. 11 if 140 
*
1
y
D G
y
 
= − 
 
.         (14) 141 
Hence, in situ mortality rates as produced by Eq.13 imply a depth- and time-constant elimination of 142 
carcasses at the rate given by Eq. 14. At small y*, Eq. 14 suggests that the elimination of carcasses 143 
above the trap is nearly equal in magnitude to the removal of carcasses due to sinking: 144 
D G≈ .          (15) 145 
For estimation of the NPM from discrete sampling, a finite difference equivalent of Eq. 13 is used: 146 
i
i i
i i
y y
m G
t N N
∆
= + ⋅
∆ ⋅
         (16) 147 
Where mi (d
-1) is the specific NPM at the time ti (day), ∆ti = ti+1 −ti, is the period between two 148 
sampling events i, iy is the mean abundance of carcasses (ind.⋅m
−3) at ti  in the water column above 149 
the trap, 1i iy y y+∆ = − , N̅i is abundance of live individuals (ind.⋅m
−3) in the water column above the 150 
trap. Eq. 5 becomes:  151 
*
i
i i
i i
y y
m G
t N N
∆
= + ⋅
∆ ⋅
         (17).  152 
The difference between Eq.16 and Eq. 17 is in using y vs. y* in the last term. In the following we 153 
applied both Eq. 16 and Eq. 17 to estimate zooplankton NPM in Lake Shira, and to evaluate the 154 
relative importance of D vs. G. 155 
 156 
Study site 157 
 Lake Shira (54.499°N, 90.204° E), situated in the steppe area of Khakassia Republic at 354 m 158 
above sea level, has been intensively studied for the last 2 decades (Zotina et al., 1999; 159 
Yemelyanova et al., 2002; Rogozin et al., 2010, 2016; see also special issues of Aquatic ecology 160 
2002, 36 (2) and 2010, 44 (3)). The lake area is 35.9 km2, the maximum depth is 24 m. The depth of 161 
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the upper boundary of the anoxic monimolimnion with hydrogen sulfide varies seasonally and 162 
annually (Rogozin et al., 2010, 2016), and it was 20 m in the present study. The major ions are 163 
sulfate > chloride >bicarbonate, and sodium > magnesium. In recent years, the water level of the 164 
lake has increased and salinity (as ash content) has decreased to below 14-15 g l-1 in the epilimnion 165 
and 18-19 g l-1 in deeper waters (Rogozin et al., 2010). Zooplankton in the pelagic and open littoral 166 
zones are dominated year-round by Arctodiaptomus salinus (Copepoda, Calanoida), with the 167 
addition of Brachionus plicatilis and Hexarthra spp. (Rotifera) (Zotina et al., 1999; Zadereev and 168 
Tolomeyev, 2007). The major predator in this fishless lake is the amphipod Gammarus lacustris in 169 
the littoral and the pelagic zones (Tolomeyev et al., 2006; Zadereev et al., 2010).  170 
 Our study was conducted on 18-30 June, 2015, at a deep point (water depth 20 m) of the lake, 171 
where sediment traps were deployed in the upper part of the hypolimnion. The related hydro-172 
physical recordings were made at ca. 250 m away from the traps. The temperature profile was 173 
measured by a thermistor chain consisted of a common logger and 30 digital temperature sensors 174 
DS18b20 (Maxim Integrated Products, resolution 0.1°C, absolute accuracy 0.5°C) with a spacing of 175 
0.5 m from 3.5 to 13.5 m and of 1-1.5 m for the other depths. The scanning interval was 30 s. An 176 
upward-looking 600 kHz acoustic Doppler current profiler (ADCP, manufactured by Teledyne 177 
RDI-Instruments, USA) was deployed at 16 m. The ADCP scanned the water column on 25-30 June 178 
in 0.5 m bins at the sampling rate of 2.66 s. The velocity profiles were internally averaged over 120 179 
s. On 13 and 29 June, profiles of temperature and conductivity were taken with YSI-6600 V2 sonde 180 
(YSI Inc., USA). Wind speed and direction were measured by a land-based Vantage Pro 2 weather 181 
station (Davis Instruments, USA) ~ 0.5 km from the lake at averaged intervals of15 min. 182 
 183 
Sediment traps and video recording 184 
 Three sediment traps were deployed close to each other at 14 ±1 m for three consecutive days 185 
from 18 to 21 June, and for 7 days from 24 to 30 June. The trap exposure time was 24 h, except on 186 
24 June when the exposure time was 2 d (24-26 June) due to a storm on 25 June. Each trap 187 
consisted of a pair of cylindrical collectors (Hákanson, 1984). Each collector had the internal 188 
diameter of 0.103 m and the internal height of 0.7 m, the height-to-diameter ratio of 6.8 satisfied the 189 
requirement to prevent resuspension (Hákanson et al., 1989). Before deploying, the cylinders were 190 
filled with water from 14 m depth pre-screened through an80-µm mesh. Each trap was moored to an 191 
anchor and a submerged buoy, and marked by a surface float (Fig. 1). Upon trap retrieval, 192 
zooplankton samples from the paired collectors were pooled, concentrated on an80-µm mesh and 193 
counted for carcasses (Y in Eqs.3 and 4). 194 
 To check whether Gammarus lacustris could actively penetrate the traps, and whether some 195 
resuspension of sediment material occurred during the deployment, one trap collector was equipped 196 
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with a video-recorder and a light source (Fig. 1). The digital video recorder Prestige DVR-022 197 
(China) in a waterproof box was externally mounted to the bottom glass window of the cylinder and 198 
recorded in upward direction (640×480, 30 fps). The lower part of the cylinder was illuminated by a 199 
waterproof LED strip. The light intensity was low enough not to attract ‘swimmers’, but sufficient 200 
for video recording. Power for the video-recorder and LEDs was provided by a waterproof 12 V10 201 
Ah battery case attached to the anchor (Fig. 1). Video data were processed using the ImageJ v.1.46 202 
software. The video was converted to a stack of images. Each image (frame) was subsequently 203 
filtered to remove noise and background roughness, so that moving objects were clearly seen. The 204 
number of animals per image was automatically registered by the built-in particle analyzer of 205 
ImageJ. Five-hour long video recordings during the night and the day were taken on 21 and 26 206 
June, respectively. The field of view was about 100 ml where copepods were easily recognized; 207 
gammarids, if present, could be detected at a longer distance. 208 
 209 
Water column zooplankton sampling 210 
 Zooplankton were collected near the traps daily at around 10-11 a.m. with an open-close Juday 211 
net (80 µm mesh and mouth dia. 20 cm) from 15 to 12 m depth to obtain carcass abundance at trap 212 
depth(y*), and from 12 m to surface to obtain depth-averaged live and dead abundances above the 213 
trap, which were used to calculate weighted means of Ni and yi for 0-15 m layer (see Mortality 214 
calculations). Additional stratified net tows were done to obtain vertical distributions of live and 215 
dead A. salinus at 3-0, 6-3, 9-6, 12-9 and 15-12 m on 21 July (7-8 a.m.), 24 July (9-10 a.m. and 11-216 
12 p.m.) and 28-29 July (11 a.m. and 12 p.m.). 217 
 218 
Staining and counting of zooplankton 219 
 To distinguish between live and dead zooplankton, samples from the net and sediment traps 220 
were stained within an hour after collection with water-soluble aniline blue (Dubovskaya, 2008; 221 
Bickel et al., 2009) using a staining device (Gladyshev et al., 2003), and fixed in 10% formalin. 222 
Before counting, each sample was acidified according to Bickel et al. (Bickel et al., 2009). In the 223 
samples, only the most abundant species, Arctodiaptomus salinus, was counted under a microscope 224 
for live (unstained) and dead (stained blue) males, females, copepodites V (C5), copepodites I-IV 225 
(C1-4) and nauplii. Fragmented carcasses and exuviae were not counted. Gammarus lacustris, as 226 
potential ‘swimmer’ and consumer of A. salinus, was also counted. 227 
 228 
In situ carcass sinking velocity 229 
 Daily in situ sinking velocities of carcasses (v*) of each developmental stage were calculated 230 
according to Eq. 4. The trap input area S (0.0167 m2) was calculated as sum of mouth area of pair of 231 
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collectors. y*av was calculated as the average of samples taken at the beginning and at the end of the 232 
daily trap exposure, or the average of the two samples plus an additional night sample. 233 
 234 
Mortality calculations 235 
 Specific NPM (m) of A. salinus nauplii, C1-4, C5, males and females were calculated for layer 236 
0–15 m using Eqs.16and 17for three periods, 19-21 June (∆t1), 21-26 (∆t2) and 24-29 June (∆t3). 237 
Weighted means of abundance of these stages for 0-15 m ( iN , iy  and y̅i+1  in Eqs 16, 17) were 238 
calculated for each day as [N(0-12) × 12m + N(12-15) × (15-12m)]/15m or [N(0-3)+N(3-6)+N(6-9)+N(9-239 
12)+N(12-15)]/5, where N(0-12), N(12-15), N(0-3), N(3-6), N(6-9), N(9-12) and N(12-15) are abundances in the 240 
corresponding layers 0-12 m, 12-15 m, 0-3 m, 3-6 m, 6-9 m and 9-12 m. The means for 24 and 29 241 
June were averaged over day-night data. The specific rate of elimination due to sinking (G) was 242 
calculated from Eq. 6 using the water column depth above the traps h = 14 m. Daily sinking 243 
velocity (v*) was time-averaged for ∆t1, ∆t2 and ∆t3. 244 
 Steps were taken to minimize potential errors in estimating live and dead A. salinus abundances 245 
as described in Dubovskaya et al.(2015): (i) traps were exposed for 24±1 h (except 24-26 June, 48 246 
h) to increase accuracy of Y; (ii) two to three replicate traps were exposed simultaneously to 247 
increase accuracy of Y by increasing the total value of S and to increase precision of Y; (iii) large 248 
volume plankton samples (94-376 L) were collected at trap depth and in the overlying water column 249 
to increase accuracy of y*, iN and iy ;(iv) sampling at trap depth was done 2–3 times per day to 250 
increase precision of y* and to integrate daily variations (patchiness) of y*. 251 
 252 
Estimation of stratification and turbulence  253 
The background stratification and mixing conditions were estimated from the profiles of 254 
density ρ and the coefficient of the vertical turbulent exchange KZ. Water density as function of time 255 
and depth ρ(z, t) was calculated from temperature and salinity following Millero et al.(Millero et al., 256 
1980). The time- and depth-resolved temperatures were taken from the thermistor chain, the salinity 257 
profile was obtained from averaging the electric conductivity profiles of four subsequent CTD casts 258 
in the vicinity of the thermistor chain. Conductivity was transformed to salinity using the specific 259 
formula based on the ion composition of Lake Shira (Rogozin et al., 2010). 260 
The coefficient of vertical turbulent exchange KZ at depth z was estimated by integrating the 261 
vertical density transport from the lake bottom H to z: 262 
 263 
z z
Z
H H
K
t z z
ρ ρ∂ ∂ ∂
=
∂ ∂ ∂∫ ∫          (18) 264 
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or 265 
z
Z Z
H
z H
K K
t z z
ρ ρ ρ∂ ∂ ∂   = −   ∂ ∂ ∂   ∫
.       (19) 266 
Neglecting the vertical density gradient at the lake bottom, the final expression for KZ is 267 
z
H
Z
z
tK
z
ρ
ρ
∂
∂= −
∂ 
 ∂ 
∫
          (20) 268 
which is subsequently solved numerically using finite differences for differentiation and trapeze 269 
method for integration. 270 
 271 
Statistical analysis 272 
Standard deviation (SD), coefficient of variation (CV), standard error (SE), one-way and two-273 
way ANOVA were calculated conventionally using the STATISTICA software, 9.0 (StatSoft Inc., 274 
Tulsa, OK, U.S.A.).Only normally distributed variables (after Kolmogorov-Smirnov test for 275 
normality) were used for ANOVA. Relative error (%) was calculated as RE = (SE/mean value) × 276 
100.  277 
 278 
Results 279 
Environmental conditions, thermal stratification and turbulence  280 
The daily mean wind speed varied from 1.8 to 4.6 m s-1, and the current speed at the sediment 281 
trap depth of 14 m was ≤ 4.6 cm s-1 (Fig.2A). Daily mean water temperature in the epilimnion (0-6 282 
m) varied slightly from 18.6 to 20.6°C, in the thermocline (6-12 m) increased from 7.7°C on 19th 283 
June to 10.7°C on 29th June, and in the upper oxic hypolimnion (12-15 m) increased slightly from 284 
1.4°C on 18-21th June to 1.8°C on 30th June. Temperature at the trap depth varied during the study 285 
from 0.6 to 2.8°C with the mean of ca. 2°C (Fig 2 B,C). 286 
 Overall, the water column consisted of a shallow epilimnion exposed to wind mixing, a strong 287 
thermocline starting at ~6 m depth and a halocline starting at ~9 m depth. The resulting pycnocline 288 
occupied the layer of 8-15 m depth with a density difference of ~5 kg m-3across (Fig. 2C). The 289 
lower part of the pycnocline, between ~12 m and 15 m, was occupied by a cold oxic hypolimnion 290 
with an anoxic monimolimnion beneath. The turbulent mixing, as expressed by KZ, was 291 
characterized by high intensity at the lake surface (Fig. 2D), KZ up to 10
-1 m2 s-3. High turbulence at 292 
the surface was apparently produced by wind, in particularly during the storm events on 21-22 June 293 
and 24-26 June (Fig. 2A). KZ  quickly decreased with depth to < 10
-5 m2 s-3 close to the lake bottom, 294 
which can be treated as non-turbulent background value when taking into account the accuracy of 295 
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the method. A small local maximum of mixing intensity between 14 and 16 m depth (Fig. 2d) was 296 
likely the result of internal wave breaking, as indicated by the isotherm oscillations (Fig. 2B). 297 
 298 
Vertical distribution of live and dead Arctodiaptomus salinus 299 
Live nauplii and small copepodites (C1-4) were abundant in the epilimnion (0-6 m) with 300 
maxima near the surface (0-3 m, Fig. 3). Live males and females occupied the epilimnion and the 301 
upper metalimnion (0-9 m) with maximal abundances also in the 0-3 m layer (Fig. 3). Live late 302 
copepodites (C5) congregated in the metalimnion (6-12 m) (Fig. 3). Copepodites C5 contained 303 
many visible fat droplets in their bodies. Abundances of C5 and adults were substantially lower than 304 
that of nauplii and copepodites C1-4, which dominated the population (Fig. 3). The nighttime 305 
vertical distribution of all stages was similar to that in the daytime (Fig. 3). 306 
Carcass abundances of all stages were low (Fig. 3). Vertical distribution of carcasses generally 307 
followed that of live animals. However, in many cases, the carcass abundance maxima were located 308 
below the live copepod abundance maxima. The abundances of both live and dead individuals of all 309 
stages, except C5, were lowest in the trap layer (12-15 m) (Fig. 3). 310 
 311 
Trap and water column samples 312 
 The number of A. salinus carcasses accumulated in the traps per day (Y) varied considerably 313 
during the study period (Table 1). Kolmogorov–Smirnov test showed a normal data distribution of 314 
each stage: DK-S varied from 0.21 (p = 0.29) for females to 0.27 (p= 0.08) for C5. Relative errors of 315 
Y estimation by 3 traps (2 traps 18-19th, 26-28th June) varied from low (0–14.3% for different 316 
stages; Table 1) to high under low carcass abundance (100% for nauplii, 42.9% for С1-4 and for 317 
males, 67% for С5 and 60% for females; Table 1). Errors averaged for the whole period for the 318 
different stages were rather low, 22-47% (Table 1). Relative errors of estimation of carcass 319 
abundance at trap depth (y*av) also varied widely: 1.2-81.2% for nauplii, 9-61.7% for С1-4, 1.7-320 
76% for С5, 0-55.8% for females and 0-62.5% for males (Table 1), with averaged values of 22-38% 321 
(Table 1). y*av values showed normal distribution: DK-S ranged from 0.17 (p = 1.0) for С5 to 0.25 (p 322 
= 0.63) for С1-4. 323 
 At the trap depth (12-15 m), no individuals of Gammarus lacustris were found (Table 2). This 324 
species occupied the overlying water column 0-12 m, with maximal abundance at 0-3 and 3-6 m 325 
(Table 2). The maximal concentration observed was 29 ind m-3, which occurred the morning after 326 
the storm on 25 June. One swimmer of G. lacustris per trap was found sporadically, on a total of 327 
only 4 occasions(Table 2). The gut of the first swimmer (18-19 June) was empty, the guts of the 328 
others, as well as gammarids from the net samples, contained A. salinus remains (of males, females, 329 
Page 21 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
12 
 
copepodites, eggs), but it could not be determined whether live or dead A. salinus individuals were 330 
ingested.  331 
 Video recordings confirmed very stable conditions of the water column. Even when the traps 332 
were pushed by changing currents around over the line, no resuspension was seen. During the day, 333 
the number of A. salinus in the field of view did not change (Fig. 4). Slight increase in number 334 
could be seen at night before sunrise, but it returned to previous level after two hours (Fig. 4). These 335 
changes obviously did not affect the calculations of sinking rates of A. salinus carcasses. No G. 336 
lacustris was seen in any of the video recording, confirming that the amphipod rarely, if ever, 337 
entered the traps (Table 2). 338 
 339 
Carcass sinking velocity 340 
 In situ sinking velocity of A. salinus carcasses varied among traps and days (Table 3), and one-341 
way ANOVA indicated significant difference among developmental stages (F4,85 = 8.5, P<0.05). 342 
Males and females, which were larger than the other stages, had the highest v* values, averaging 343 
8.3and 8.5m d-1, respectively (Table 3). Interestingly, copepodites C5 of size similar to adults but 344 
containing many fat droplets in their body, which were indicative of diapause, had the lowest 345 
averaged sinking velocity at 2.0 m d-1.Two-way ANOVA showed that mean v* for mortality 346 
calculation (Table 3) significantly differed between stages and between time periods: Fstages = 16.7, 347 
Fperiods= 17.0, P<< 0.05, and their interaction was not significant (F = 0.4, P > 0.05). 348 
 349 
Mortality estimations 350 
 Mean abundances of live and dead individuals of A. salinus of each developmental stage in the 351 
layers 0-15 m ( iN , y̅i and y̅i+1  in Eqs 16, 17) and 12-15 m (yi* in Eq. 17) for calculation of NPM are 352 
presented in Table 4. Each y̅i value was higher than the corresponding yi* value with the two 353 
exceptions for C5. Consequently, (y̅i– yi*) values were rather high and (yi*/y̅i) quite low, with two 354 
exceptions (Table 4).The coefficient G, which represents carcass removal via sinking, ranged from 355 
0.067 to 0.869 d-1, with an average of 0.402 d-1 (SD = 0.250 d-1). The coefficient D, which 356 
represents carcass removal by other processes above trap depth, ranged from 0.021 to 0.823 d-1, 357 
with an average of 0.361 d-1 (SD = 0.244 d-1) (Table 5). The mortality rates (m) calculated with yi* 358 
were very low, varying from -0.009 to 0.034 d-1 (Table 5). Conversely, m calculated with y̅i were 359 
higher, at 0.0003-0.103 d-1 with one negative value, -0.002 (Table 5). Evidently, the negative values 360 
were within range of precision of the method, and therefore should be interpreted as ca. zero 361 
mortality. The mortality of all stages was highest at the beginning of the study, between 19 and 21 362 
June (Table 5). This period coincided with the occurrence of maximal percentages of dead 363 
individuals of all stages (5.3-10.3 % in 0-15 m, 25.7-83.1 % in 12-15 m), and was followed by a 364 
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noticeable decrease in abundances of live animals, most noticeably in nauplii, females and males (365 
iN  on 21 and 24 June; Table 4). Minimal mortality of all stages was in the last five-day period, 24-366 
29 June (Table 5). Among all stages, females had the highest mortality (0.103-0.023 d-1) and 367 
copepodites C5 the lowest (0.008-0.0003 d-1) (Table 5). 368 
 369 
Discussion 370 
Consideration of trap performance 371 
 Appropriate choice of sediment trap design and dimensions is crucial for avoiding under-or 372 
over-trapping (Buesseler et al., 2007). According to Lau (1979), for a cylindrical trap with an aspect 373 
ratio of 6.8, resuspension starts when the trap Reynolds number exceeds 15000. Given our trap 374 
dimensions and in situ kinematic viscosity of 0.017 cm2 s-1, such Reynolds number is obtained only 375 
at a flow velocity of 24.7 cm s-1, which is much higher than the observed flow velocity at the trap 376 
depth (3-4.6 cm s-1). Thus, resuspension from our traps was unlikely. Our video recording also 377 
showed no physical disturbance near the trap bottom. Another possible source of error is trap tilt 378 
resulting in over-trapping (Gardner, 1985). Our trap design according to Håkanson (1984) kept the 379 
cylinders vertically stable irrespective of cable inclination; cable motions and vibrations were 380 
further minimized by a subsurface tension buoy (Bloesch and Burns, 1980). Hence, error due to trap 381 
tilt would be negligible (Gardner, 1985). Overall, the relative errors of our trap data (22-43%, Table 382 
1) indicate good trap precision (Stanley et al., 2004; Buesseler et al., 2007). 383 
 According to our data, there were no marked daily changes in the vertical distribution of dead 384 
and live A. salinus (Fig. 3). Similarly, Zadereev and Tolomeyev (2007) did not observe any large-385 
scale diel vertical migrations (DVM) of A. salinus in the fishless Lake Shira. Therefore, our 386 
sampling and calculations were not affected by DVM. 387 
 388 
Comparison of y̅ and y* 389 
 The population of A. salinus was concentrated in the upper 0-9 m, where the largest number of 390 
carcasses was also found (Fig. 3). The observed decrease in carcass abundance with depth (Fig. 3) 391 
is consistent with the study of Bickel et al. (2009), and suggests that carcass dynamics was affected 392 
by processes other than sinking. Both y̅ and y* were estimated with accuracy and precision of the 393 
same order of magnitude as those of other field studies (e.g. Dubovskaya et al., 2003). Error (Er) of 394 
abundance estimation (A) by our net sampling method can be calculated as Er = 2.01A0.78 395 
(Gladyshev, 1985; Dubovskaya, 1987). This Er includes micro-horizontal variability (zooplankton 396 
patchiness). For data of iN , y̅ and y* (Table 4), Er was within a range of 20-109%. Er of y*av in 397 
Table 1 (for sinking velocity calculation) varied within 0-81.2 %, comparable to that for Bosmina in 398 
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Lake Stechlin (1.3-66.2%; Dubovskaya et al., 2015). Although y* and Y were more variable in a 399 
few cases than those reported by Dubovskaya et al. (2015), sampling replications and rather large 400 
volumes of zooplankton samples (≥ 94 L) gave a reasonably accurate estimation of y̅ and y*.  401 
 Except for two occasions, y* was in all cases lower than y̅, giving low averaged y*/y̅ values of 402 
0.13-0.19 for all stages except C5 (0.77; Table 4). This observation has important ramifications for 403 
understanding NPM and carcass dynamics in the lake. Given y̅>y*, it means that many carcasses 404 
were removed from the water column before they reached the traps. Under such a condition, the 405 
choice of proper formulations is crucial for NPM calculation. When applying Eq. 17 to our data, 406 
NPM was-0.009-0.034 d-1; while using Eq. 16 increased NPM estimation to -0.002-0.103 d-1 (as 407 
explained above, the negative values should be interpreted as zero mortality within the range of 408 
precision of the method).The latter values are more realistic, since they follow from the assumption 409 
of non-negligible D, which is also supported by y̅>y* in our observations (see Introduction and 410 
Methods). Hence, application of Eq. 17 to sediment trap data would underestimate NPM. Even a 411 
small difference in NPM, when propagating through time, could lead to vastly different population 412 
growth projections (Elliott and Tang, 2011). 413 
 Carcasses in the water column can be removed e.g. by detritivory or microbial degradation. 414 
Turbulent mixing can increase the retention time of carcasses in the epilimnion and decrease the 415 
ratio y*/y̅. The coefficients G and D were strongly correlated and comparable to each other (linear 416 
regression: D = 0.974 G – 0.030; r2 = 0.992), suggesting that both sinking and water column 417 
processes were equally important in eliminating carcasses. The coefficient D in our calculations 418 
encapsulates the combined effect of different water column processes, but it does not distinguish 419 
their relative importance. Nevertheless, below we use independently collected data to examine the 420 
roles of these processes in removing zooplankton carcasses above the trap depth. 421 
 422 
Possible ingestion of carcasses by Gammarus 423 
 The amphipod Gammarus lacustris was the main predator in the fishless Lake Shira. Consistent 424 
with the data by Zadereev et al. (Zadereev et al.,2010) and Tolomeyev et al. (Tolomeyev et al., 425 
2006), G. lacustris occupied the 0-12 m layer, but not below (Table 2). Therefore, G. lacustris 426 
would not affect A. salinus carcass abundance at the trap depth. Rare appearance of G. lacustris 427 
inside the traps also suggests that this predator had no effect on carcass abundance in the traps or 428 
calculation of carcass sinking velocity from trap data. 429 
 Previous studies in Lake Shira have shown G. lacustris as the top predator of live and dead 430 
individuals of A. salinus and Rotifera in the epi-and meta-limnion (Yemelyanova et al., 2002; 431 
Gubanov, 2009). We found A. salinus remains in the guts of G. lacustris from the net and trap 432 
samples. Although we could not determine the original vital state of the ingested individuals, our 433 
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observations at least indicate that the amphipod could potentially ingest A. salinus carcasses above 434 
the trap depth and contribute to the removal coefficient D. 435 
The potential loss of carcasses due to ingestion by G. lacustris could be estimated from the 436 
daily energy expenditure of the amphipod. An individual of G. lacustris with a body length of 10 437 
mm weighs ca. 11.60 mg (Yemelyanova et al., 2002) and has a respiration rate of 4.2 µl O2 ind
-1 h-1 438 
at the epilimnic mean temperature of 20°C (Sushchenja, 1972). Its daily energy expenditure can be 439 
estimated as R = (0.0042 × 24 × 4.86)/0.9 = 0.544 mg ind-1day-1, where 4.86 cal ml-1 O2 is 440 
oxycaloric coefficient and 0.9 cal mg-1 is caloric content of wet mass (Winberg, 1986).Assuming an 441 
assimilation efficiency of 0.8 (Winberg, 1986), the required prey consumption would be 0.680 mg 442 
ind-1d-1. Given a wet weight of 0.068 mg for adult Arctodiaptomus (Balushkina and Winberg, 443 
1979), this is equivalent to a consumption of ~10 carcasses ind-1 d-1.The maximal abundance of G. 444 
lacustris in the 0-12 m layer was 29 ind m-3, which translates to a maximal removal of 290 ind m-3 445 
of adult A. salinus carcasses. This estimated value is comparable to the averaged difference between 446 
y̅ and y* for female and male A. salines carcasses (242 and 249 ind m-3, respectively; Table 4). 447 
Therefore, ingestion of carcasses by G. lacustris within 0-12 m could explain the loss of carcasses. 448 
 449 
Turbulence effect and microbial decomposition 450 
 Among the nauplii, C1-4 and adults, the average carcass sinking velocity (v*) increased in 451 
accordance with the increase in body size. An interesting exception was C5, which had the lowest 452 
carcass sinking velocity and it is likely due to the presence of fat droplets in its body (e.g. Stepanov 453 
and Svetlichnyyi, 1981). The presence of fat droplet may allow C5 (both live and dead) to achieve 454 
neutral buoyancy and congregate within 6-12 m as observed in our field sampling.  455 
 The in situ carcass sinking velocities of A. salinus (2.0-8.5 m d-1) were in general much lower 456 
than those obtained by in vitro settling column method. For example, in vitro sinking velocity was 457 
35.4±15.6 m d-1for Acartia tonsa C1-3 carcasses (Elliott et al., 2010), and 112.1±20.3 m d-1  for 458 
Eudiaptomus gracilis adult carcasses (Kirillin et al., 2012). In vitro sinking velocity in the absence 459 
of any water motion and physical gradients should be regarded as «maximal» (Ploug et al., 2008), 460 
or «potential» sinking velocity (Grossart and Simon, 1998). In contrast, in situ sinking velocity 461 
calculated from Eq.4 represents the average downward velocity of sinking and suspended particles 462 
(McDonnell et al., 2010; 2015). Carcasses may achieve positive buoyancy due to microbial 463 
decomposition and float upward (Elliott et al., 2010; Kirillin et al., 2012)―a phenomenon known as 464 
“anti-rain” of carcasses (Dubovskaya et al., 2015), and not be captured by the traps. 465 
 Wind-driven currents and turbulence may also decrease carcass sinking velocities, leading to a 466 
lower average v* and a lower mortality rate that can be accounted for by carcass sinking. During 467 
our study, wind speed increased on 21-22 June and on 25-26 June, resulting in high-amplitude 468 
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oscillations of the isotherms—indicator of intensified internal wave activity, and a ~3-fold increase 469 
in current speeds at the trap depth (Fig.2A). Sinking of carcasses might be slowed down by shear 470 
turbulence during these periods. Indeed, on 24-26 June the traps yielded rather low values of 471 
carcass sinking velocity, especially trap No. 1 and 2 (Table 3). Minimal sinking velocity of male 472 
carcasses was obtained in this period (Table 3). This turbulence effect has been described by others: 473 
Dubovskaya et al. (Dubovskaya et al., 2003) showed that the sinking velocities of Daphnia and 474 
Cyclops carcasses (v, m d-1) were negatively correlated with wind speed (u, m s-1) as v =  475 
3.709u–0.984. Ivory et al. (Ivory et al., 2014) also found a negative relationship between carcass flux 476 
measured by traps (y, mg C m-2day-1) and mean current velocity at the trap depth (x, cm s-1): y = 477 
105.9e–0.70x.  478 
 We suggest that turbulence increases the retention time of carcasses in the upper epilimnion, 479 
where they can be removed by ingestion and/or microbial degradation. Based on the measured 480 
mean sinking velocities (Table 3), carcasses of nauplii from the surface (z = 0 m) would reach the 481 
sediment trap at 14 m in 3.8 days, C1-4 carcasses in 2.7 days, and adult carcasses in1.5 days. 482 
During this time, microbial degradation as a temperature-dependent process (Eq. 18 in Kirillin et 483 
al., 2012) would decrease the carcass excess density by respectively 0.0223, 0.0210 and 0.0188 g 484 
cm-3. Assuming an initial carcass density of 1.045 g cm-3 (Elliott et al., 2010), microbial degradation 485 
would lower the carcass excess density by 50, 47 and 42%, respectively. Such a substantial loss of 486 
excess density would greatly increase carcass retention time and remineralization above the traps. 487 
 The estimates of turbulent mixing from the flux-gradient method (Fig.2D) also suggest high 488 
mixing rates in the epilimnion, apparently driven by wind. The KZ values in the upper mixed layer 489 
of Lake Shira are up to one order of magnitude higher (10-1 m2 s-3) than those measured previously 490 
in the similarly sized but more wind-sheltered Lake Stechlin (10-3-10-2m2 s-3, Kirillin et al., 2012). 491 
Interestingly, according to the random-walk model of turbulence (Kirillin et al., 2012), this increase 492 
of KZ does not produce any significant increase in carcass retention in the epilimnion. Apparently, 493 
isotropic chaotic movements have little effect on carcass sinking. However, the circular water 494 
motions produced by surface waves, Langmuir circulations, or convective cells may capture 495 
relatively small particles (e.g. zooplankton carcasses) for a longer time and contribute to their 496 
mechanical destruction. A reliable quantification of these effects requires in situ observation of 497 
carcasses movement in surface waters. 498 
 The stratification in the brackish Lake Shira is appreciably stronger than in freshwater lakes. 499 
For example, the density difference across the Lake Shira pycnoclinewas~5 kg m-3, compared to 500 
only ~2 kg m-3 in Lake Stechlin and Lake Arend (Kirillin et al., 2012). The strong stratification in 501 
Lake Shira could further slowdown carcass sinking and promote their degradation in the water 502 
column.  503 
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 504 
Reality check of non-predatory mortality estimates 505 
 The decrease in carcass abundance with depth indicates that a significant amount of carcasses 506 
was eliminated from the water column above the traps. However, the processes of carcass 507 
elimination are difficult to parameterize due to limited observational information, and the removal 508 
term remains poorly constrained. Only a rudimentary approach to this problem was attempted by 509 
Frangoulis et al. (Frangoulis et al., 2011), who attributed the decrease in carcass flux with 510 
increasing depth to decomposition of the sinking material. Hence, the reliability of the otherwise 511 
well-established and robust sedimentation trap method to estimate zooplankton NPM requires a 512 
more thorough evaluation.  513 
 Incorporation of removal processes in addition to sinking (Eqs. 9 and 16) to derive conservative 514 
estimates of NPM produces NPM values of 0.0003–0.103 d-1, which are comparable to the non-515 
predatory mortality rates for zooplankton reported in the literature (<0.01-0.15 d-1; reviewed by 516 
Tang and Elliott, 2013). For example, the rich fat content observed in C5 was indicative of 517 
diapause, and the estimated m for C5 (0.0003-0.008 d-1) was indeed close to the minimal 518 
physiological death rate of 0.001-0.05 day-1 (Shushkina et al., 2000; Dubovskaya, 2009).Two of the 519 
three m values for females (0.048-0.023) and males (0.049-0.020), on the other hand, were close to 520 
the upper limit of senescence death rate of 0.01-0.05 day-1 (Tang et al., 2014). The same range of 521 
NPM values was reported by Frangoulis et al. (Frangoulis et al., 2011) for copepods derived from 522 
“swimmer-excluding” sediment trap data. The minimal mortality of adult calanoid copepods in 523 
survival experiments was also within the range of 0.001-0.031 d-1 (Kiørboe et al., 2015).  524 
 Furthermore, the temporal variation of NPM values was consistent with A. salinus abundance 525 
data. For example, the relatively high mortality of all developmental stages (the population average 526 
0.061 d-1; Table 5) at the beginning of the study period (19-21 June) was followed by a decrease in 527 
the abundance of live nauplii, C1-4, males and females between 21 and 24 June(Table4). During the 528 
following intervals ∆t2 and ∆t3, the NPM value decreased initially to 0.022d
-1on average and to 529 
0.007 d-1afterwards, and the concurrent variations in the abundance of all developmental stages 530 
were also low, suggesting that the population was close to equilibrium. 531 
 532 
Conclusion 533 
 Notwithstanding the ignorance of zooplankton carcasses in conventional field sampling, it is 534 
now evident that zooplankton can suffer, at times significantly, non-predatory mortality and leave 535 
behind carcasses. Sediment trap method has been well developed and widely used for studying 536 
sinking fluxes. By using sediment traps to collect sinking zooplankton carcasses in situ, it is 537 
possible to derive NPM from the trap data, as well as to assess the contribution of zooplankton 538 
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carcasses to organic carbon flux. Hence, sediment traps, when augmented by water column 539 
sampling, provide an effective means to investigate zooplankton non-predatory mortality and the 540 
fate of the carcasses.However, the sediment trap method assumes sinking as the major (sole) 541 
process removing carcasses. Accordingly, the accuracy of the method can be compromised when 542 
carcasses are removed by other processes in the water column before they reach the traps.  543 
 In this study, we began with a detailed mathematical analysis of the problem and derived 544 
formulations to account for carcass removal from the water column. We then used an empirical 545 
study in Lake Shira to compare and contrast the use of depth-integrated average carcass abundance 546 
(y̅) and depth-specific carcass abundance (y*) for calculating NPM of the dominant copepod A. 547 
salinus, and to examine the different water column processes for removing copepod carcasses. We 548 
showed that in Lake Shira where carcass abundance decreased with depth, it is essential to take into 549 
account removal of carcasses in addition to sinking when calculating NPM. To a first 550 
approximation, it can be done by adopting the mean abundance of carcasses in the water column 551 
above traps as a characteristic value for estimation of the NPM from the trap data. We also showed 552 
that ingestion by the amphipod G. lacustris, along with turbulent mixing and microbial degradation, 553 
could account for the estimated removal of carcasses above trap depth. 554 
 The observation that y* was considerably smaller than y̅I  means that a good portion of the 555 
zooplankton carcasses was retained in the upper water layer, thereby contributing to epilimnic 556 
carbon and nutrient cycling, rather than to the benthic food web in Lake Shira. 557 
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Table 1. Number of Arctodiaptomus salinus carcasses accumulated in sediment traps per day (Y, ind 690 
d-1) and carcass abundances at trap depth, 12-15 m, average of 2-3 samples taken at the beginning 691 
and the end of daily trap exposure (y*av, ind m
-3) in Lake Shira (for calculation of v*).  692 
Date in 
June 
Carcasses in sedimenttrap, Y Carcasses at trapdepth (12-15 m), y*av 
Trap1 Trap2 Trap3 CV (%) RE (%) Abundance CV(%) RE (%) 
Nauplii 
18-19 nd 5 15 70.7 50 127 nd nd 
19-20 20 14 20 19.25 11.1 167 33.9 24 
20-21 41 20 23 40.6 23.4 210 1.7 1.2 
24-26 0.5 0.5 1 43.3 25 49 12.9 7.4 
26-27 6 1 nd 101 71.4 69 32.8 23.2 
27-28 1 0 nd 141.4 100 154 63.4 44.8 
28-29 1 0 1 86.6 50 85 140.7 81.2 
Mean - - - - 47.2 116.9 - 36.2 
C1-4 
18-19 nd 5 9 40.4 28.6 64 nd nd 
19-20 9 9 11 12 6.9 83 31.7 22.4 
20-21 33 12 33 46.6 26.9 146 43.6 30.8 
24-26 3 3 2.5 10.2 5.9 81 15.6 9 
26-27 13 12 nd 5.7 4 154 73.5 51.9 
27-28 10 4 nd 60.6 42.9 483 72.9 51.6 
28-29 7 2 4 58.1 33.5 329 106.9 61.7 
Mean - - - - 22.1 200.8 - 37.6 
C5 
18-19 nd 1 2 47.1 33.3 21 nd nd 
19-20 7 2 4 58.1 33.5 88 107.5 76 
20-21 17 4 1 116 67 152 2.3 1.7 
24-26 1 0 1.5 91.7 52.9 134 50.7 29.3 
26-27 1 4 nd 84.9 60 165 40.8 28.9 
27-28 2 7 nd 78.6 55.6 128 11.6 8.2 
28-29 1 1 1 0 0 81 72 41.6 
Mean - - - - 42.5 107.5 - 27.4 
Females 
18-19 nd 2 8 84.6 60 21 nd nd 
19-20 13 8 9 26.5 15.3 48 78.9 55.8 
20-21 24 8 6 77.9 45 74 0 0 
24-26 2 1 3 50 28.9 25 48.5 28 
26-27 3 4 nd 20.2 14.3 37 19.1 13.5 
27-28 2 5 nd 60.6 42.9 48 16.4 11.6 
28-29 1 6 3 75.5 43.6 28 77.4 44.7 
Mean - - - - 36.3 37.8 - 21.9 
Males 
18-19 nd 5 5 0 0 21 nd nd 
19-20 14 8 7 39.2 22.6 56 88.4 62.5 
20-21 20 8 11 48 27.7 72 37.3 26.4 
24-26 2 0.5 2 57.7 33.3 25 48.5 28 
26-27 2 3 nd 28.3 20 27 82.7 58.5 
27-28 2 5 nd 60.6 42.9 64 47.9 33.9 
28-29 7 8 5 22.9 13.2 42 100 58 
Mean - - - - 26.8 43.6 - 38.2 
693 
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Table 2. Number of Gammarus lacustris in the net column samples (ind. sample-1), at trap depth 694 
and inside the traps, Lake Shira, 2015, dash – no samples. 695 
Date in 
June 
Water column Trap 
depth 
In traps 
 0-3 m 3-6 m 6-9 m 9-12 m 0-12 m 12-15 m 1 2 3 
18 - - - - 7 0 - - - 
19 - - - - 4 0 0 0 1 
20 - - - - - 0 0 1 0 
21 2 1 2 0 - 0 1 1 0 
24 0 1 0 1 - 0 - - - 
24 night 1 1 0 0 - 0 - - - 
26 - - - - 11 0 0 0 0 
27 - - - - 8 0 0 0 0 
28 - - - - 5 0 0 0 0 
29 night 4 4 1 0 - 0 - - - 
29 1 4 1 1 - 0 0 0 0 
696 
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Table 3. In situ sinking velocity (v*, m d-1) of Arctodiaptomus salinus carcasses calculated from Eq. 697 
4 using data from Table 1 for Lake Shira. 698 
Date in 
June 
Trap 
No 
Nauplii C 1-4 C5 Females Males 
18-19 1 2.36 4.69 2.86 5.72 14.29 
 2 7.09 8.44 5.72 22.87 14.29 
19-20 1 7.19 6.55 4.80 16.43 15.01 
 2 5.03 6.55 1.37 10.11 8.57 
 3 7.19 8.00 2.74 11.37 7.50 
20-21 1 11.75 13.57 6.74 19.47 16.67 
 2 5.73 4.93 1.58 6.49 6.70 
 3 6.59 13.57 0.40 4.87 9.17 
24-26 1 0.61 2.21 0.45 4.80 4.80 
 2 0.61 2.21 0 2.40 1.20 
 3 1.22 1.85 0.67 7.20 4.80 
26-27 1 5.22 5.07 0.36 4.87 4.53 
 2 0.87 4.68 1.46 6.49 6.80 
27-28 1 0.39 1.24 0.94 2.53 1.89 
 2 0 0.50 3.30 6.32 4.73 
28-29 1 0.71 1.28 0.74 2.12 9.93 
 2 0 0.36 0.74 12.73 11.35 
 3 0.71 0.73 0.74 6.36 7.10 
Mean ± SE 3.51±0.82 4.81±0.97 1.98±0.47 8.51±1.40 8.30±1.07 
For mortality calculation 
19-21 6.62±0.93 8.29±1.24 3.28±0.80 12.16±2.38 11.52±1.39 
21-26 4.42±1.82 6.39±3.58 1.64±1.04 7.54±2.48 7.23±2.17 
24-29 1.03±0.48 2.01±0.52 0.94±0.29 5.58±0.99 5.71±1.01 
 699 
  700 
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Table 4.Weighted mean abundances (ind m-3) of live and dead Arctodiaptomus salinus in 0-15 m water 701 
column and at trap depth, 12-15 m, in Lake Shira. For m calculations, data on 19, 21, 24, 26, 29 June were 702 
used (in bold). 703 
Date in  0-15 m 12-15 m y̅i– yi* yi*/y̅i 
June Live ( iN ) Dead ( iy ) 
Live (N*) Dead (yi*)  
 
Nauplii       
19 23885 2056 244 127 1929 0.06 
20 nd nd 42 207 nd nd 
21 33158 2202 1672 212 1990 0.10 
24 16828 502 202 48 454 0.10 
26 12642 397 180 53 344 0.13 
27 12040 266 488 85 181 0.32 
28 10842 433 467 223 210 0.54 
29 7733 151 180 16 135 0.11 
Mean±SE - - - - 749±315 0.19±0.07 
C1-4       
19 14928 1706 191 64 1642 0.04 
20 nd nd 42 101 nd nd 
21 28535 2658 1592 191 2467 0.07 
24 25520 1132 223 85 1047 0.08 
26 24625 1098 382 74 1024 0.07 
27 28656 1251 1295 234 1017 0.19 
28 45775 2286 1964 732 1554 0.32 
29 25615 1080 653 128 952 0.12 
Mean±SE - - - - 1386±209 0.13±0.04 
C5       
19 7535 284 106 21 263 0.07 
20 nd nd 446 154 nd nd 
21 3094 276 1672 149 127 0.54 
24 3180 138 1290 96 42 0.70 
26 5429 119 1932 212 -93 1.78 
27 4899 94 1274 117 -23 1.25 
28 5432 257 1285 138 119 0.54 
29 2953 106 956 53 53 0.50 
Mean±SE - - - - 70±43 0.77±0.21 
Females       
19 3839 400 42 21 379 0.05 
20 nd nd 53 74 nd Nd 
21 4602 497 876 74 423 0.15 
24 2857 154 181 22 132 0.14 
26 2966 261 234 32 229 0.12 
27 3640 238 287 42 196 0.18 
28 4567 223 276 53 170 0.24 
29 2714 182 175 16 166 0.09 
Mean±SE - - - - 242±43 0.14±0.02 
Males       
19 9668 334 127 21 313 0.06 
20 nd nd 64 91 nd Nd 
21 13227 737 1274 53 684 0.07 
24 9026 161 154 32 129 0.20 
26 7197 191 159 11 180 0.06 
27 9622 204 340 42 162 0.21 
28 12316 176 541 85 91 0.18 
29 6982 207 244 21 186 0.10 
Mean±SE - - - - 249±77 0.13±0.03 
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Table 5. Values of G, D and NPM (d-1) of Arctodiaptomus salinus in Lake Shira calculated from 705 
Eq.16 and Eq.17. 706 
Daysof 
June 
G D NPM 
FromEq.16(
with y̅i) 
From Eq. 
17(with yi*) 
Nauplii     
19-21 0.473 0.443 0.044 0.006 
21-26 0.316 0.285 0.010 -0.009 
24-29 0.074 0.067 -0.002 -0.004 
C1-4     
19-21 0.592 0.570 0.100 0.034 
21-26 0.457 0.424 0.032 -0.008 
24-29 0.144 0.133 0.006 0.0001 
C5     
19-21 0.234 0.217 0.008 0.0001 
21-26 0.117 0.054 0.0003 -0.004 
24-29 0.067 0.021 0.001 0.00001 
Females     
19-21 0.869 0.823 0.103 0.017 
21-26 0.538 0.458 0.048 -0.002 
24-29 0.399 0.343 0.023 0.005 
Males     
19-21 0.823 0.771 0.049 0.023 
21-26 0.516 0.479 0.020 -0.006 
24-29 0.408 0.327 0.008 0.002 
Population mean 
19-21 - - 0.061±0.018 - (not 
calculated) 
21-26   0.022±0.008 - 
24-29   0.007±0.004 - 
 707 
708 
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Table and Figure Legends 709 
 710 
 Table 1. Number of Arctodiaptomus salinus carcasses accumulated in sediment traps per day 711 
(Y, ind d-1) and carcass abundances at trap depth, 12-15 m, average of 2-3 samples taken at the 712 
beginning and the end of daily trap exposure (y*av, ind m
-3) in Lake Shira (for calculation of v*). 713 
 Table 2. Number of Gammarus lacustris in the net column samples (ind. sample-1), at trap 714 
depth and inside the traps, Lake Shira, 2015, dash – no samples. 715 
 Table 3. In situ sinking velocity (v*, m d-1) of Arctodiaptomus salinus carcasses calculated 716 
from Eq. 4 using data from Table 1 for Lake Shira. 717 
 Table 4.Weighted mean abundances (ind m-3) of live and dead Arctodiaptomus salinus in 0-15 718 
m water column and at trap depth, 12-15 m, in Lake Shira. For m calculations, data on 19, 21, 24, 719 
26, 29 June were used (in bold). 720 
 Table 5. Values of G, D and NPM (d-1) of Arctodiaptomus salinus in Lake Shira calculated 721 
from Eq.16 and Eq.17. 722 
 723 
 724 
Fig. 1. Schematic of the sediment trap with digital video recorder and mooring system. 725 
Fig. 2.(A) Wind speed, and current velocity at 14 m depth; (B) isotherms during the study 726 
period; (C) mean vertical profiles of temperature, salinity and density; (D) Vertical profile of the 727 
turbulent exchange coefficient KZ. 728 
Fig. 3. Vertical distribution of live and dead ArctodiaptomussalinusinLake Shira on 21, 24 and 729 
29 June 2015. The shaded panels correspond to the nighttime. 730 
Fig. 4. Number (as 10-min average) of Arctodiaptomussalinusin the sediment trap detected by 731 
the video recorder on 21 June (nighttime) and 27 June (daytime). The numbers in the inserts mark 732 
animals visible within the field of view. 733 
 734 
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Abstract 23 
Zooplankton populations can at times suffer mass mortality due to non-predatory mortality (NPM) 24 
factors, and the resulting carcasses can be captured by sediment traps to estimate NPM rate. This 25 
approach assumes sinking to be the primary process in removing carcasses, but in reality carcasses 26 
can also be removed by ingestion, turbulent mixing and microbial degradation in the water column. 27 
We presented mathematical formulations to calculate NPM from sediment trap data by accounting 28 
for carcass removal by processes in addition to sinking, and demonstrated their application in a field 29 
study in Lake Shira. Carcass abundance of the major calanoid copepod Arctodiaptomus salinus 30 
decreased with depth, indicating the effect of carcass removal from the water column. The 31 
estimated NPM values were comparable to physiological death rates reported in the literature. We 32 
further used independent data to partition carcass removal into detritivory, turbulent mixing and 33 
microbial degradation. Estimated ingestion by the amphipod Gammarus lacustris could account for 34 
the disappearance of copepod carcasses above the traps. Wind-driven currents and turbulence could 35 
also extend the carcass exposure time to microbial degradation. Collectively, these water column 36 
processes would facilitate the remineralization of carcasses in the water column, and diminish the 37 
carcass carbon flux to the benthos.  38 
Mortality is one of the principal determinant of population dynamics. However, estimation of this 39 
parameter for natural zooplankton in situ faces considerable uncertainties. In some periods, declines 40 
of zooplankton might be almost completely caused by high non-predatory mortality (NPM). Two 41 
variants of in situ NPM rate estimation from carcass abundances and sinking velocities was 42 
investigated. These variants differ by a single parameter, yi, carcass abundance above the sediment 43 
trap, or y*, carcass abundance at the trap depth. To compare these two equations, a population of 44 
Arctodiaptomus salinus in fishless meromictic Shira Lake, which had stratified vertical distribution, 45 
was studied. The sediment traps were suspended in an upper hypolimnion, where potential 46 
“swimmer” and predator Gammarus lacustris was absent. Values of Arctodiaptomus NPM, 47 
determined by the equation with yi, 0.001-0.103 d
-1, were in good agreement with literature data and 48 
the abundance dynamics. NPM values from the equation with y* were too low to be realistic. Thus, 49 
the equation with yi appeared to be more suitable for the mortality estimations of field data. 50 
Considerably lower values of y* compared with yi mean that zooplankton carcasses in deep 51 
stratified lakes contribute to pelagic carbon mineralization and nutrient recycling, rather than to 52 
benthic food webs. 53 
 54 
55 
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Introduction 56 
Zooplankton Population dynamics is known to be determined by balance of birth rate and death rate 57 
(or total mortality). To predict the population dynamics is determined by two fundamental 58 
processes: Birth and death. In of natural zooplankton, the mortality evidently is of the same 59 
importance as birth rate. However, in contrast to birth rate, estimation of mortality of zooplankton is 60 
known to face considerable uncertainties due to difficulties in measuring in situ zooplankton 61 
mortality is logistically challenging (Dubovskaya, 2009; Tang and Elliott, 2013; Kimmerer, 2015). 62 
Apart from predation, zooplankton can suffer is eliminated by non-predatory mortality (NPM) such 63 
as senescence, environmental stresses, food limitation, diseases and parasitism (Tang et al., 2014), 64 
and leave behind carcasses. The importance of NPM in constraining zooplankton population growth 65 
has been demonstrated theoretically (Gentleman and Head, 2017) and empirically (Elliott and Tang, 66 
2011). It , which can account for on average 25-33% of the total mortality among epi-pelagic 67 
marine copepods (Hirst and Kiørboe, 2002; Elliott and Tang, 2011); in some cases, NPM is the 68 
main cause of zooplankton population collapse (e.g. Gries and Gude, 1999; Dubovskaya et al., 69 
2003; Wagner et al., 2004).2011). In some observations, high NPM was the main determinant for 70 
population dynamics (e.g. Gries and Gude, 1999; Dubovskaya et al., 2003; Wagner et al., 2004; 71 
Tang and Elliott, 2013). Recently, crucial importance of NPM for a realistic description and 72 
prediction of a population dynamics has been demonstrated practically (Elliott and Tang, 2011) and 73 
theoretically (Gentlman and Head, 2017). NPM can result from senescence, physical or chemical 74 
stresses (including harmful algal blooms), food quantity or quality limitation, diseases and parasites, 75 
etc (Tang et al., 2014 and references therein). Non-predatory mortality leaves behind intact 76 
carcasses, which can be identified by use of special methods, like staining (Tang and Elliott, 2013; 77 
Tang et al., 2014). 78 
Sediment traps are widely used to collect sinking matter for characterization and to quantify 79 
sinking fluxes (Buesseler et al., 2007), and appearance of zooplankton carcasses (distinguishable 80 
from swimmers) in sediment traps indicates the role of sinking in removing zooplankton carcasses 81 
from the water column (Frangoulis et al., 2011;Dubovskaya et al., 2015). Several sediment trap 82 
studies have highlighted the contribution of zooplankton carcasses to the carbon sinking flux 83 
(Sampei et al., 2009, 2012; Ivory et al., 2014); sediment trap data also have been used to estimate 84 
carcass sinking rates and NPM (Dubovskaya et al., 2015). 85 
In addition to sinking, zooplankton carcasses can be removed by a multitude of water column 86 
processes such as microbial decomposition, detritivory and turbulent mixing before the carcasses 87 
reach the traps (Dubovskaya, 2008; Elliott et al., 2010; Kirillin et al., 2012).Indeed, a decrease in 88 
carcass abundance with depth has been reported (e.g., Bickel et al., 2008). Therefore, proper 89 
calculation of NPM requires knowledge of both the mean carcass abundance in the water column 90 
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4 
 
above the sediment trap (y̅) and carcass abundance at sediment trap depth (y*). By comparing y̅ and 91 
y*, we can also gain insights into the relative importance of sinking vs. other removal processes in 92 
controlling the fate of zooplankton carcasses. In the simplest terms, we can consider two scenarios: 93 
(i) y̅ ≤ y* suggests sinking dominates over other processes in removing carcasses from the water 94 
column; (ii) y̅ > y* suggests other processes are also important in removing carcasses (see Methods 95 
section for details). 96 
 Here we use Lake Shira, a fishless brackish meromictic lake in Russia, as a model system to 97 
study in situ NPM and carcass dynamics of the dominant species Arctodiaptomus salinus 98 
(Copepoda: Calanoida). The objectives were to estimate NPM from sediment trap data and 99 
investigate the relative importance of sinking vs. other removal processes―encapsulated by the 100 
removal coefficient D―in controlling carcass dynamics in the water column. We further attempted 101 
to partition D by independently estimating microbial degradation, turbulent resuspension, and 102 
detritivory by the dominant invertebrate predators.  103 
 The amount of zooplankton carcasses in water column is a result, on the one hand, of mortality 104 
rate, and on the other hand, of sedimentation and microbial decomposition, which remove these 105 
microbial "hotspots" (Tang et al., 2014) from the pelagic zone. Sedimentation is believed to be a 106 
faster process than the decomposition, and therefore plays a major role in the elimination of 107 
zooplankton carcasses from the water column (Dubovskaya et al., 2003; Dubovskaya, 2008a; Elliott 108 
et al., 2010). However, estimates of the sinking velocities of dead zooplankton in natural waters are 109 
scarce and equivocal, and their values vary by several orders of magnitude (Tang et al., 2014). 110 
Recently, Dubovskaya et al. (Dubovskaya et al., 2015) compared three methods of sinking velocity 111 
estimation, applied to carcasses of Bosmina longirostris (Crustacea: Cladocera) in Lake Stechlin: 1) 112 
in vitro settling column method; 2) settling column method corrected for turbulence re-suspension 113 
and microbial degradation in lake conditions (model); 3) in situ sediment trap data. In situ sinking 114 
velocities (mean 1.7 m d-1) were about two orders of magnitude lower than in vitro estimations (134 115 
m d-1) and model simulations (75 m d-1). Noteworthy, the latter two methods produced 116 
unrealistically high NPM rates of 0.58-1.04 d-1, whereas the sediment trap velocity yielded the 117 
mortality rate estimate of 0.015 d-1, which was consistent with concurrent population abundance 118 
data (Dubovskaya et al., 2015). 119 
 A direct method of measuring in situ NPM was proposed by Gladyshev and Gubanov 120 
(Gladyshev and Gubanov, 1996). The method is based on temporal carcass dynamics in a studying 121 
water column and assumption that carcass sinking is the principal component of their elimination 122 
from the water column, and velocity of their sinking is measured using sediment traps beneath 123 
(Equation 6 in Methods). It was applied to a shallow (0-2 m), mixing layer of a small reservoir with 124 
nearly homogenous vertical distribution of Daphnia and cyclopoids carcasses and live individuals 125 
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5 
 
(Gladyshev et al., 2003; Dubovskaya et al., 2003; 2008b). The second variant of this method 126 
(Equation 8 in Methods) is first presented in (Dubovskaya et al., 2015), where NPM estimation 127 
based on direct measurement of carcass flux from the whole water column by the sediment traps 128 
beneath. The only difference between these two variant of NPM calculation consists in using mean 129 
carcass abundance in water column above the trap exposure depth (yi ) in the first case and 130 
abundance of carcasses at the trap depth (y*) in the second case. If yi ≈ y*, both variants will give 131 
the same NPM values. A population of Bosmina longirostris in deep Lake Stechlin congregated in 132 
the metalimnion just above the trap depth, 12 m, satisfying the condition yi ≈ y* (Dubovskaya et al., 133 
2015). If vertical distribution of a population is stratified with a peak in the upper epilimnion, and 134 
trap depth is in the meta- or hypolimnion, than yi may be much higher than y*, and the 135 
corresponding NPM values will have the same difference. 136 
 The goals of the present study are: (i) to estimate in situ NPM dynamics of Arctodiaptomus 137 
salinus (Copepoda: Calanoida) in a brackish meromictic lake, where the population has pronounced 138 
vertically stratified distribution, and strongly affected by the physical environment; (ii) to test and 139 
refine the approaches to the NPM estimation from the sediment trap data basing on comparison of 140 
the two variants of NPM estimation in conditions of strong density stratification, when the sediment 141 
traps are separated from the zooplankton-populated epilimnion by a strong pycnocline. 142 
 143 
Methods 144 
Non-predatory mortality estimation 145 
 In situ NPM estimations are based on the equation of the vertical transport with a source term 146 
in the following form: 147 
z
F
mN
t
y
∂
∂
−=
∂
∂
,         (1) 148 
where m (d-1) is the specific non-predatorynon-predation mortality, F is the vertical flux of 149 
carcasses, N and y are abundances of live individuals and carcasses (ind m-3), respectively. 150 
Integration of this equation over the layer 0 < z < h above the sediment trap, under the assumption 151 
of zero flux of the carcasses across the air-water boundary F(0) = 0, yields:  152 
*y F
mN
t h
∂
+ =
∂
,         (2) 153 
where the overbar means averaging over the water column 0 < z < h; the vertical flux F* of 154 
carcasses at the trap exposure depth h (ind m-2 d-1) is directly measured by sediment traps as 155 
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* * * YF v y
S
≡ =  ,         (3)  156 
and  157 
v* = Y/(Sy*).          (4). 158 
Here, Y is number of carcasses accumulated in a sediment trap per day (ind d-1), S is the input area 159 
of the trap (m2), v* (m d-1) and y* (ind m-3) are the sinking velocity of carcasses and the 160 
concentration of the carcasses at trap exposure depth (i.e. outside the trap), respectively. The final 161 
expression offor the non-predatory specific mortality m becomes 162 
* *1 y v y
m
N t Nh
∂
= +
∂
,         (5) 163 
subject to subsequent integration with respect to time based on discrete series of measurements on 164 
y* and v*. Here, 165 
*v
G
h
=           (6) 166 
is the specific rate of elimination of carcasses from the water column via sinking. In order to 167 
explore the application of Eq. 1and Eq. 5 to estimate NPM, we consider a simple case of depth-168 
constant sinking velocity v. Then, Eq. 1 becomes 169 
y y
mN v
t z
∂ ∂
= −
∂ ∂
.         (7) 170 
Assuming further that the live zooplankton are homogeneously distributed throughout the water 171 
column (N=constant), and the situation is close to steady state (∂y/∂t≈0), Eq. 1 is solved as 172 
y = (mN/v*)z + y0,         (8) 173 
i.e. abundance of carcasses y should increase linearly with depth unless they are removed before 174 
reaching the trap. This equation however does not take into account various processes other than 175 
sinking, such as turbulence, degradation and detritivory, in removing carcasses from the water 176 
column. The combined effect of these processes can be represented by adding a first-order removal 177 
rate with a coefficient D to Eq. 1: 178 
y y
mN v Dy
t z
∂ ∂
= − −
∂ ∂
.         (9) 179 
In contrast to Eq. 8, solution to Eq. 9 yields exponentially decaying carcass abundance y with depth. 180 
To explore its effect on m, we assume the instantaneous carcass abundance is proportional to the 181 
abundance of live zooplankton, y = δN. The analytical solution to Eq. 9 under the same assumptions 182 
N = constant and ∂y/∂t ≈ 0 is 183 
( ) 0 exp
m D
y z y z
v
δ
δ
− =  
 
,        (10) 184 
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7 
 
and the solution with respect to m, analogous to Eq. 5 can be written as 185 
( )*1 1ym Dy Gy
N t N
∂
= + +
∂ .
        (11) 186 
Thus, the mortality rate mtrap  calculated from sediment trap data is reduced by relative loss rate, as 187 
compared with the real mortality in situ: 188 
trap
y
m m D
N
= − .         (12) 189 
Hence, at high removal rate D, carcass abundance at trap depth (y*) approaches zero, and 190 
estimations of mortality from Eq. 5 become unreliable. Its alternative, Eq. 11 requires empirical 191 
measurement of D by extensive sampling and analysis of the plankton communities, which is 192 
logistically challenging to do in parallel to in situ trap measurements. A practical alternative is by 193 
adopting the integral sample of carcasses abundance over the entire water column as an 194 
approximate of their abundance at the trap deployment depth, i.e. *y y≈ , which turns Eq. 5 to: 195 
1 y
m G y
N t
∂ = + ∂ 
         (13) 196 
This formulation was used for NPM estimations by Two slightly different variants to discretization 197 
of Eq. 5 are used. Gladyshev and Gubanov (1996) ((Gladyshev and Gubanov, 1996; see also 198 
Gladyshev et al., 2003).  proposed the following variant: 199 
 200 
By comparing Eq. 13 and Eq. 5; i.e. replacing y* with y i
i
i
ii
i
N
y
G
Nt
y
m ⋅+
⋅∆
∆
=
, we can estimate the 201 
variance in m caused by elimination of carcasses above the trap depth. For example, introducing γ = 202 
(D–m/δ)/v, one can show that */y y → 1 at γh→ 0, and */y y → ∞ at γh→ ∞, where h, as before, is 203 
the depth of the trap exposition. Hence, Eqs.5 and 13 are interchangeable if the traps are positioned 204 
close to the depth of the maximum abundance of zooplankton (Dubovskaya et al., 2015), and the 205 
error becomes higher with deeper exposition of traps. An intermediate case γh≈ 1 yields */y y  ≈ (e 206 
– 1) ≈ 1.71, i.e. Eq. 13 would in typical configurations slightly overestimate the mortality rate, but 207 
the overestimation is within the range of method accuracy. Eq. 13 becomes equivalent to Eq. 11 if 208 
*
1
y
D G
y
 
= − 
 
.         (14) 209 
Hence, in situ mortality rates as produced by Eq.13 imply a depth- and time-constant elimination of 210 
carcasses at the rate given by Eq. 14. At small y*, Eq. 14 suggests that the elimination of carcasses 211 
above the trap is nearly equal in magnitude to the removal of carcasses due to sinking: 212 
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8 
 
D G≈ .          (15) 213 
For estimation of the NPM from discrete sampling, a finite difference equivalent of Eq. 13 is used: 214 
i
i i
i i
y y
m G
t N N
∆
= + ⋅
∆ ⋅
         (16) 215 
Where        (6) 216 
where mi (d
-1) is the specific NPM at the time ti (day), ∆ti = ti+1 −ti , is the period between two 217 
sampling events i, iy yi is the mean abundance of carcasses (ind.⋅m
−3) in water column above the 218 
layer of trap exposure at ti  in the water column above the trap, 1i iy y y+∆ = − , N̅i, ∆y = yi+1−yi , Ni is 219 
abundance of live individuals (ind.⋅m−3) in the water column above the trap. Eq. 5 becomes:trap, 220 
and Gi is the specific rate of elimination of carcasses from the water column based on their sinking;  221 
Gi = v*/h = Y/(Sy
*h)          (7).  222 
 The second variant is used by Dubovskaya et al. (Dubovskaya et al., 2015):  223 
i
i
ii
i
N
y
G
Nt
y
m
*
⋅+
⋅∆
∆
=          (17).   224 
       (8).  225 
The difference between Eq.1Equation 6 and Eq. 17 isEquation 8 consists in using y vs. y* yi or y*in 226 
the last term. In the following we applied both Eq. 16 and Eq. 17 to estimate zooplankton NPM in 227 
Lake Shira, and to evaluate the relative importance of D vs. G. 228 
 229 
Study site 230 
 Lake Shira (54.499°N, 90.204° E), situateda brackish meromictic enclosed lake in Russia 231 
(South Siberia, the steppe area of Khakassia Republic at, 354 m above sea level,level), has been 232 
intensively studied for the last 2 decades (Zotina et al., 1999; Yemelyanova et al., 2002; Rogozin et 233 
al., 2010, 2016; see also special issues of Aquatic ecology 2002, 36 (2) and 2010, 44 (3)). The lake 234 
area is 35.9 km2, the maximum depth is 24 m. The depth of the upper boundary of the anoxic 235 
monimolimnion with hydrogen sulfide varies seasonally and annually between 11 and 16 m 236 
(Rogozin et al., 2010, 2016), and itin summer 2015, this depth was 20 m in the present study.. The 237 
major ions are sulfate > chloride >bicarbonate, and sodium > magnesium. In recentDuring last 238 
years, the water level of the lake has increased and salinity (as ash content) has decreased to below 239 
14-15 g l-1 in the epilimnion and 18-19 g l-1 in deeper waters (Rogozin et al., 2010). Zooplankton in 240 
the pelagic and open littoral zones are dominated year-round byconsist of Arctodiaptomus salinus 241 
(Copepoda, Calanoida), with the addition of Brachionus plicatilis and Hexarthra spp. (Rotifera), 242 
the first one being the only year-round dominant zooplankton species (Zotina et al., 1999; Zadereev 243 
and Tolomeyev, 2007). The major predatortop consumer in this fishless lake is the amphipod 244 
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9 
 
Gammarus lacustris inhabiting the littoral andas well as the pelagic zones (Tolomeyev (Tolomeev 245 
et al., 2006; Zadereev et al., 2010).  246 
 Our study was conductedcarried out on 18-30 June, 2015, at a deep point (water depth 20 m) of 247 
the lake, where three sediment traps were deployedsuspended close to each other at depth 14 ± 1 m 248 
from the lake surface in the upper part of the hypolimnion. The related hydro-physical recordings 249 
were made at ca.a distance about 250 m away from the exposed traps. The temperature profile was 250 
measured bydata for the study period were obtained with a thermistor chain consisted of a common 251 
(one) logger and 30 digital temperature sensors DS18b20 (Maxim Integrated Products, resolution 252 
0.1°C, absolute accuracy 0.5°C) with a spacing of 0.5 m from 3.5 to 13.5 m and of 1-1.5 m for the 253 
other depths. The scanning interval was 30 s. An upward-lookingA 600 kHz acoustic Doppler 254 
current profiler (ADCP, manufactured by Teledyne RDI-Instruments, USA) was deployed upward 255 
looking at the water depth of 16 m. The ADCP scanned the water column on 25-30 June in 0.5 m 256 
bins at the sampling rate of 2.66 s. The velocity profiles were internally averaged over 120 s. On 13 257 
and 29 June, profiles of temperature and conductivity were taken with YSI-6600 V2 sonde (YSI 258 
Inc.,Incorporated, USA). Wind speed and direction were measured byfrom a land-based Vantage 259 
Pro 2 weather station (Davis Instruments, USA) ~ 0.5 km from the lake at averaged intervals ofas 260 
15 min. averages. 261 
 262 
Sediment traps and video recording 263 
 Three sediment traps were deployed close to each other at 14 ±1 m for three consecutive days 264 
from 18 to 21 June, and for 7 days from 24 to 30 June. The trap exposure time was 24 h,hours, 265 
except on 24 June when the exposure time was 2 days (24-26 June) due to a storm on 25 June. Each 266 
trap of type of Hákanson (Hákanson, 1984) consisted of a pair of cylindrical collectors (Hákanson, 267 
1984).. Each collector had the internal diameter of 0.103 m and the internal height of 0.7 m, the 268 
height-to-diameter ratio of(H/D = 6.8 satisfied) met the requirementrecommended value to prevent 269 
resuspension (Hákanson et al., 1989). Before deploying, the cylinders were filled with water from 270 
14 m depth pre-screened through an80- 80 µm mesh. Each trap was moored to using an anchoring 271 
weight and a stretching submerged buoy, and markedsupplied by a marking surface float (Fig. 1). 272 
Upon trapAfter traps retrieval, zooplankton samples from the paired collectors were pooled, 273 
concentrated on an80- 80 µm mesh and counted for carcasses (processed to obtain values of Y in 274 
Eqs.3 4 and 4).7. 275 
 To check whether the ‘swimmers’, Gammarus lacustris, could actively penetrate the traps, and 276 
whether some resuspension of sediment material occurred during the deployment, one trap collector 277 
was equipped with a video-recorder and a light source (Fig. 1). The digital video recorder Prestige 278 
DVR-022 (China) inwith a waterproof box was externally mounted toat the bottom glass window of 279 
Formatted: Font: Italic
Formatted: Font: Not Bold, Italic
Formatted: Font: Italic
Page 47 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
10 
 
the cylinder and . Video (640×480, 30 fps) was recorded in upward direction (640×480, 30 280 
fps).through the bottom glass window. The objective was manually focused at a distance of 15 cm 281 
with the narrow grip of 1.3 cm. The lower part of the cylinder was illuminated bywith a waterproof 282 
LED strip. The light tape to support the recording conditions. The intensity of light was low enough 283 
not to attract ‘swimmers’, outside the trap, but sufficientstill high for video recording.acquisition. 284 
Power forsupply of the video-recorder and LEDs was provided by a waterproof 12 V10 Ah battery 285 
capacity placed in a waterproof case attached , which was lowered together with an anchor to the 286 
anchor lake bottom (Fig. 1). Video -data were processed using the ImageJ v.1.46 software. The 287 
videorecorded movie was converted to a stack of images. Each image (frame) was subsequently 288 
filtered to removefrom noise and background roughness, so that the moving objects were clearly 289 
seen. The number of animals per image was automatically registered by the built-indetermined 290 
using build-in particleParticle analyzer of ImageJ.ImageJ, with subsequent converting of the frames 291 
sequence into the time series of animal’s amount. Five-hour long video recordings during the night 292 
and the day time were takenperformed on 21 and 26 June, respectively. The fieldvolume of view 293 
was about 100 ml where the copepods were easily recognized;distinguished; however, gammarids, 294 
if present, could be detected at a longer distance. 295 
 296 
Water column zooplankton samplings 297 
 Zooplankton were was collected near the traps daily at around 10-11 a.m. with an open-closeby 298 
hauling a closing Juday net (80 µm mesh and mouth dia. 20 cm) (i) from 15 m to 12 m depth, to 299 
obtain carcass abundancey* value at trap depth(y*),depth; and (ii) from 12 m to surface, to obtain 300 
depth-averaged live and dead abundances Ni, yi above the trap, which were used to calculate 301 
weighted means of Ni and yi for 0-15 m layer (see Mortality calculations). Additional stratified net 302 
tows were donetrap. In addition, to obtain data about vertical distributions of live and dead A. 303 
salinusArctodiaptomus at day and night the net samples from 3-0, 6-3, 9-6, 12-9 and 15-12 m 304 
onwere taken 21 July (7-8 a.m.), 24 July (9-10 a.m. and 11-12 p.m.) and 28-29 July (11 a.m. and 12 305 
p.m.). 306 
 307 
Staining and counting of zooplankton 308 
 To distinguish between live and dead zooplankton, samples from the net and sediment traps 309 
were stained within an hour after collection with water-soluble aniline blue (Dubovskaya, 310 
2008;2008a; Bickel et al., 2009) using a staining device (Gladyshev et al., 2003), and fixed in 10% 311 
formalin. Before counting, each sample was acidified according to Bickel et al. (Bickel et al., 2009). 312 
In the samples, only the most abundant species, of zooplankton, Arctodiaptomus salinus, was 313 
counted under a microscope for: live (unstained) and dead (stained blue) males, females, 314 
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copepodites V (C5), copepodites I-IV (C1-4) and, nauplii. FragmentedInjured carcasses and 315 
exuviaeempty exoskeletons were not counted. Gammarus lacustris, as potential ‘swimmer’ and 316 
consumer of A. salinus,Arctodiaptomus, was also counted. 317 
 318 
In situ carcass sinking velocity 319 
 Daily in situ sinking velocities of carcasses (v*) of each developmental stage were calculated 320 
according to Eq. 4. The trap input area S (0.0167 m2) was calculated as sum of mouth area of pair of 321 
collectors. y*av was calculated as the average of samples taken at the beginning and at the end of the 322 
daily trap exposure, or the average of the two three samples plus an, these two and additional night 323 
sample.one. 324 
 325 
Mortality calculations 326 
 Specific NPM (m) of A. salinusArctodiaptomus nauplii, C1-4, C5, males and females were 327 
calculated for layer 0–15 m using Eqs.16and 17 6 and 8 for three periods, 19-21 June (∆t1), 21-26 328 
(∆t2) and 24-29 June (∆t3). Weighted means of abundance of these stages for 0-15 m ( iN , iy Ni, yi 329 
and y̅i+1 yi+1 in Eqs 16, 17)6, 8) were calculated for each day as [N(0-12) × 12m + N(12-15) × (15-330 
12m)]/15m or [N(0-3)+N(3-6)+N(6-9)+N(9-12)+N(12-15)]/5, where N(0-12), N(12-15), N(0-3), N(3-6), N(6-9), N(9-331 
12) and N(12-15) are abundances in the corresponding layers 0-12 m, 12-15 m, 0-3 m, 3-6 m, 6-9 m 332 
and 9-12 m. The means for 24 and 29 June were averaged over day-night data. The specific rate of 333 
elimination due to sinking (G) was calculated from Eq. 67 using the water column depth above the 334 
traps h = 14 m. Daily sinking velocity (v*) was time-averaged for ∆t1, ∆t2 and ∆t3. 335 
 Steps were taken to minimize potential errors in estimating estimation of live and dead A. 336 
salinusArctodiaptomus abundances as described in (Dubovskaya et al.(al., 2015): (i)1) traps were 337 
exposed for 24±1 h (except 24-26 June, 48 h) to increase accuracy of Y; (ii)2) two to -three replicate 338 
traps were exposed simultaneously to increase accuracy of Y by increasing the total value of S and 339 
to increase precision of Y; (iii)3) large volume plankton samples (94-376 L) were collected at trap 340 
depth and in the overlying waterabove column to increase accuracy of y*, iN  and iy ;(iv) Ni, yi; 4) 341 
sampling at trap depth was done 2–3 times per day to increase precision of y* and to integrate daily 342 
variations (patchiness) of y*. 343 
 344 
Estimation of stratification and turbulence  345 
The background stratification and mixing conditions were estimated from the profiles of 346 
density ρ and the coefficient of the vertical turbulent exchange KZ. Water density as function of time 347 
and depth ρ(z, t) was calculated from temperature and salinity following (Millero et al.(Millero et 348 
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al., 1980). The time- and depth-resolved temperatures were takenadopted from the thermistor chain, 349 
the salinity profile was obtained from averaging the electric conductivity profiles of four subsequent 350 
CTD casts in the vicinity of the thermistor chain. Conductivity was transformed to salinity using the 351 
specific formula based on the ion composition of Lake Shira (Rogozin et al., 2010). 352 
 The coefficient of the vertical turbulent exchange KZ at every depth z was estimated by 353 
integratingintegration of the equation of the vertical density transport from the lake bottom H to z:  354 
: 355 
z z
Z
H H
K
t z z
ρ ρ∂ ∂ ∂
=
∂ ∂ ∂∫ ∫          (18)   356 
       (9) 357 
or 358 
z
Z Z
H
z H
K K
t z z
ρ ρ ρ∂ ∂ ∂   = −   ∂ ∂ ∂   ∫
.       (19)(10). 359 
Neglecting the vertical density gradient at the lake bottom, the final expression for KZ  is 360 
z
H
Z
z
tK
z
ρ
ρ
∂
∂= −
∂ 
 ∂ 
∫
          (20)(11) 361 
which is subsequently solved numerically using finite differences for differentiation and trapeze 362 
method for integration. 363 
 364 
Statistical analysis 365 
Standard deviation (SD), coefficient of variation (CV), standard error (SE), one-way and two-366 
way ANOVA were calculated conventionally using the STATISTICA software, 9.0 (StatSoft Inc., 367 
Tulsa, OK, U.S.A.). Only normally distributed variables (after Kolmogorov-Smirnov test for 368 
normality) were used for ANOVA.ANOVAs. For data with non-normal distribution the non-369 
parametric Kruskal-Wallis test was used. Relative error (%) was calculated as RE = (SE/mean 370 
value) × 100.  371 
 372 
Results 373 
Environmental conditions, thermal stratification and turbulence  374 
The weather varied during the study (18-30 June 2015) and during a day from calm to windy 375 
up to storm (21, 25 June, Fig. 2). The daily mean wind speed varied from 1.8 to 4.6 m s-1, and the 376 
current speed at the sediment trap depth of 14 m, was ≤ 4.6 cm s-1 (Fig.2A). Daily mean water 377 
temperature in the epilimnion (0-6 m) varied slightly varied from 18.6 to 20.6°C, in the thermocline 378 
(6-12 m) increased from 7.7°C on 19th June to 10.7°C on 29th June, and in the upper oxic 379 
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hypolimnion (12-15 m) slightly increased slightly from 1.4°C on 18-21th June to 1.8°C on 30th June. 380 
Temperature at the trap depth varied during the study from 0.6 °C to 2.8 °C with the mean of 381 
ca.about 2 °C (Fig 2 B,C). 382 
 Overall, the water column consisted of a shallow epilimnion exposed to wind mixing, a strong 383 
thermocline starting at ~6 m depth and a halocline starting at ~9 m depth. The resulting pycnocline 384 
occupied the layer of 8-15 m depth with a density difference across it of ~5 kg m-3across (Fig. 2C). 385 
The lower part of the pycnocline, between ~12 m and 15 m, was occupied by a cold oxic 386 
hypolimnion with an anoxic monimolimnion beneath. The turbulent mixing, as expressed by KZ, 387 
was characterized by high intensity at the lake surface (Fig. 2D), KZ up to 10
-1 m2 s-3. High 388 
turbulence at the surface was apparently produced by wind, in particularlyparticular, during the 389 
storm events on 21-22 June and 24-26 June (Fig. 2A). KZ  quickly decreaseddecreases with depth to 390 
< 10-5 m2 s-3 close to the lake bottom, which can be treatedassumed as non-turbulent background 391 
value when, taking into account the accuracy of the method. A small local maximum of mixing 392 
intensity between 14 and 16 m depth (Fig. 2d) was likely theis most probably a result of internal 393 
wave breaking, as indicated byobserved in the isotherm oscillations (Fig. 2B). 394 
 395 
Vertical distribution of live and dead Arctodiaptomus salinus 396 
Live nauplii and small copepodites (C 1-4) were abundant in the epilimnion (0-6 m) with 397 
maximareaching maximum near the surface (0-3 m, Fig. 3). Live males and females occupied the 398 
epilimnion and the upper metalimnion (0-9 m) with maximal abundances also in the surface layer 0-399 
3 m layer (Fig. 3). Live lateoldest copepodites (C5) congregated in the metalimnion (6-12 m) with 400 
more or less pronounced peak in 9-12 or 6-9 m (Fig. 3). Copepodites C5 contained many visible fat 401 
dropletsdrops in their bodies. AbundancesThey may be in state of “quiescence” (Jiménez-Melero et 402 
al., 2013). Abundance of C5 and adults werewas substantially lower than that of nauplii and 403 
copepodites C1-4, which dominated in the population (Fig. 3). The nighttimenocturnal vertical 404 
distribution of all stages was similar to that in the daytimediurnal one (Fig. 3).  405 
Carcass abundances Abundance of carcasses of all stages werewas low (Fig. 3). Vertical 406 
distribution of carcasses generally followed that of live animals. However, in many cases, the 407 
maximum of carcass abundance maxima were was located below thein the layer underlying the 408 
layer of the maximum of live copepod abundance maxima.individuals (Fig. 3). The abundances of 409 
both live and dead individuals of all stages, except  but C5, were the lowest in the trap layer (12-15 410 
m) (Fig. 3). Kruskal-Wallis test for live C1-4 and dead nauplii and one-way ANOVA for the other 411 
stages revealed abundance differences between the layers were significant (P < 0.05, df1 = 4, df2 = 412 
20) except one stage, dead males (P>0.05). 413 
 414 
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Trap and water column samples 415 
 The numberNumber of A. salinusArctodiaptomus carcasses accumulated in the traps per day 416 
(Y) varied considerably during the study period (Table 1). Kolmogorov–Smirnov test showed a 417 
normal data distribution of each stage: data: DK-S varied from 0.21 (p = 0.29) for females to 0.27 (p= 418 
0.08) for C5. Relative errors of Y estimation by 3 traps (2 traps 18-19th, 26-28th June) varied from 419 
low (0–14.3% for different stages; Table 1) to high under low carcass abundance (100% for nauplii, 420 
42.9% for С1-4 and for males, 67% for С5 and 60% for females;females, Table 1). Errors1), 421 
averaged for the whole period for the different stages stage errors were rather low,in limits 22-422 
47%22-43% (Table 1). Relative errors of estimation of carcass abundance at trap depth (y*av) also 423 
varied widely:within the wide limits: 1.2-81.2% for nauplii, 9-61.7% for С1-4, 1.7-76% for С5, 0-424 
55.8% for females and 0-62.5% for males (Table 1), with range of averaged values of 22-38% 425 
(Table 1). y* av values showed normal distribution: DK-S ranged from 0.17 (p = 1.0) for С5 to 0.25 (p 426 
= 0.63) for С1-4. 427 
 At the trap depth (12-15 m), no individuals of Gammarus lacustris werehad been found (Table 428 
2). This species occupied the overlying water column 0-12 m, with maximal abundance atin the 429 
layers 0-3 and 3-6 m (Table 2). The maximal concentration observednumerical peak in the whole 0-430 
12-m column was 11 ind sample-1, which corresponded to 29 ind m-3, which and that peak occurred 431 
the morning after the storm on of 25 June.  432 
 One swimmer of G. lacustris per trap was found sporadically, on ain total of only 4 433 
occasionsoccurrences (Table 2). The gut of the first swimmer (18-19 June) was empty, the guts of 434 
the others, as well as gammarids from the net samples, contained A. salinusArctodiaptomus remains 435 
(of males, females, copepodites, eggs), but it couldas well as guts of Gammarus from the lake 436 
samples. It is not be determined whether known, alive or dead A. salinusArctodiaptomus individuals 437 
were ingested.  438 
 VideoIn our video recordings confirmed, we watched very stable conditions of the water 439 
column. Even when the traps were pushed by changing currentsturn around over the line, driven by 440 
changing of the direction of current flows, no resuspension was seen. During the day, the number of 441 
A. salinusArctodiaptomus in the camera field of view did not change (Fig. 4). Slight increase in of 442 
the number could be seen atfound in the night data before the sunrise, but it returned to previous 443 
level after two hours (Fig. 4). These changes obviously did not affect the calculations of sinking 444 
rates of A. salinus carcasses. No G. lacustris wasdead Arctodiaptomus. None of Gammarus 445 
individuals could be seen in any of the video recording, confirmingframes assuming that the 446 
amphipod rarely, if ever,this ‘swimmer’ entered the traps, it happened rarely (Table 2). 447 
 448 
Carcass sinking velocity 449 
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 In situ sinking velocity of A.Arctodiaptomus salinus carcasses of each stage varied among traps 450 
and days (Table 3), however, the data were normally distributed, and one-way ANOVA indicated 451 
significant difference among developmental stages (F4,85 = 8.5,11.1, P<0.05). Males between stages. 452 
The largest in size males and females, which were larger than the other stages, had the highest 453 
among the 5 stages v* values, averaging 8.3and 8.5m d-1, respectively (Table on average 9.3). 454 
Interestingly, and 8.9 m d-1 (Table 3), the lowest among the 5 stages sinking velocity, on average 455 
2.0 m d-1 , was obtained for the oldest copepodites C5 of size similarwhich were close to adults in 456 
size but containingcontained many fat dropletsdrops in their body, which were indicativebody. The 457 
mean values were significantly different for pairs of diapause, had the lowest averaged sinking 458 
velocity at 2.0 m d-1.nauplii and males or nauplii and females and pairs of C1-4 and males or C1-4 459 
and females, as well as for pairs of C5 and females or C5 and males, and for C5 and C1-4 (Table 3). 460 
Two-way ANOVA showedrevealed that meanparticular v* means for mortality calculation (Table 461 
3) significantly differed between the stages and between the time periods: Fstages = 16.7,17.8, 462 
Fperiods= 17.0, = 18.1, P << 0.05, and their interaction was not significant (F = 0.4,0.5, P > 0.05). 463 
 464 
Mortality estimations 465 
 Mean abundances of live and dead individuals of A. salinusArctodiaptomus of each 466 
developmental stage in the layers 0-15 m ( iN , y̅iNi, yi and y̅i+1 yi+1 in Eqs 16, 17)6, 8) and 12-15 m 467 
(yi*(y* in Eq. 17)8) for calculation of NPM are presented in Table 4.Fig. 5. Each y̅iyi value was 468 
higher than the corresponding yi*y* value with the two exceptions for C5. Consequently, (y̅i– yi*) 469 
values were rather high and (yi*/y̅i) quite low, with two exceptions (Table 4).The coefficient G, 470 
which represents carcass removal via sinking, ranged from 0.067 to 0.869 d-1, with an average of 471 
0.402 d-1 (SD = 0.250 d-1). The coefficient D, which represents carcass removal by other processes 472 
above trap depth, ranged from 0.021 to 0.823 d-1, with an average of 0.361 d-1 (SD = 0.244 d-1) 473 
(Table 5). The (Fig.5). Therefore, mortality rates (values obtained from Eq. 6 were higher than 474 
those from Eq.8 (Table 4). The values of m) calculated with yi* from Eq.8 were very low, reaching 475 
negative values varying from -0.009 to 0.034 d-1 (Table 5). Conversely, m calculated with y̅i were 476 
higher, at 0.0003-0.1034).  477 
 NPM values from Eq. 6 (with yi ) varied within limits of 0.001-0.103 d
-1 with one negative 478 
value, -0.002 (Table 5). Evidently, the negative values were within range of precision of the 479 
method, and therefore should be interpreted as ca. zero mortality. The -0.001 (Table 4). The highest 480 
mortality of all stages was highest at the beginning of the study, between in two-day interval, 19 481 
and -21 June (Table 5).4). This period coincided with period of the occurrence of maximal 482 
percentages of dead individuals of all stages (5.3-10.3 % in 0-15 m, 25.7-83.1 % in 12-15 m), and 483 
was followed by a noticeable decrease in abundances of live animals, most noticeablypronounced in 484 
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nauplii, females and males ( iN Ni on 21 and 24 June; Table 4).June, Fig.5). Minimal mortality of all 485 
stages was in the last five-day period, 24-29 June (Table 5).4). Among all stages, females had the 486 
highest mortality (0.103-0.023(0.103-0.029 d-1) and copepodites C5 - the lowest (0.008-0.0003ones 487 
(0.008-0.001 d-1) (Table 5).4).  488 
 489 
Discussion 490 
We compared two equations to determine in situ non-predatory mortality m and to determine which 491 
of them could provide a more reliable estimate. NPM values from Eq. 6 were higher than those 492 
from Eq. 8: -0.001 – 0.103 versus -0.009 – 0.034 d-1, respectively. The equations differed by a 493 
single parameter, yi, carcass abundance above the trap (in Eq.6) or y*, carcass abundance at the trap 494 
depth (in Eq.8). The ratio yi/y* for nauplii, C1-4, males and females of Arctodiaptomus salinus 495 
varied from 2 to 27 and for C5 from 0.6 to 13.5. Both yi and y
* were estimated with accuracy and 496 
precision of the same order of magnitude as those of field sampling counting, for instance, with a 497 
relative error (RE) of 12.5-100% (Dubovskaya et al., 2003). Error (Er) of abundance estimation (A) 498 
by our net method with 3m hauling can be calculated as Er = 2.01A0.78  (Gladyshev, 1985; 499 
Dubovskaya, 1987). This Er includes micro-horizontal variability (zooplankton patchiness). 500 
Consideration of trap performance 501 
 For data of Ni, yi and y* (Fig. 5), Er calculation yielded RE within a range of 20-109%. RE of 502 
y*av in Table 1 (for sinking velocity calculation) varied within limits of 0-81.2 %. The same RE of 503 
y*av for Bosmina in Lake Stechlin ranged from 1.3 to 66.2% (Dubovskaya et al., 2015). Although 504 
precision (variability) of Arctodiaptomus y* and Y is higher in a few cases than that of Bosmina y* 505 
and Y (Dubovskaya et al., 2015), sampling replications and large volumes of zooplankton samples 506 
(minimum 94 L) resulted in a reasonable accuracy of estimation of parameters in Eqs 6-8, including 507 
yi and y*. Thus, low y* values did not result from lack of accuracy of their estimation. 508 
 Why is y  greater than y*? Non-predatory mortality in a pelagic population leaves behind 509 
carcasses in a place where the population resides. In a hypothetical quasi-stationary situation, when 510 
NPM changes with time and is equilibrate by sinking of carcasses only, the concentration of 511 
carcasses would increase with depth within the layer where zooplankton resides, or equilibrate at 512 
nearly constant value across the entire water column beneath. In reality, carcasses may remain in 513 
the water column and undergo decomposition and consumption or may rapidly sink and contribute 514 
to food source for the benthos (Tang et al., 2014). The population of Arctodiaptomus in Shira Lake 515 
was located primarily in the upper 0-9 m column; and the largest number of carcasses was also 516 
produced there (Fig. 3). The observed decrease in carcass abundance with depth (Fig. 3) suggests 517 
that carcass dynamics was affected by other physical processes (turbulence, density discontinuity 518 
layers) and/or biological processes like consumption and microbial degradation. As a result, 519 
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significant part of carcass abundance (yi-y*) is eliminated in the water column above the traps. 520 
Below we discuss the relevance of some of these processes to the carcass abundance. 521 
 522 
Possible bias in trap collection 523 
Appropriate choice of sediment trap design and , dimensions is crucialand suspension is important 524 
for avoiding under-or over-trapping (Buesseler et al., 2007). According to Lau ((Lau, 1979), for ain 525 
the cylindrical trap with an aspect ratio of H/D 6.8, resuspension startsstarted when the trap 526 
Reynolds number exceedsexceeded 15000. Given our trap dimensions and in situ diameter of 10.3 527 
cm, kinematic viscosity of 0.017 cm2 s-1, at water temperature 2°C, such Reynolds number is 528 
obtained only at a flow velocity of 24.7 cm s-1, which is much higher than the observed flow 529 
velocity observed at the trap depth (3-4.6 cm s-1). Thus, resuspension from our traps was unlikely. 530 
Our video -recording also showed nodata confirmed lack of physical disturbance near the trap 531 
bottom. Another possible source of error is trap tilt resulting in over-trapping (Gardner, 1985). Our 532 
trap design according to Håkanson ((Håkanson, 1984) kept the cylinders vertically stable 533 
irrespective of cable inclination; from the vertical. To avoid cable motions and vibrations were 534 
further minimized by a, subsurface tension buoy was set below the depth of wave-induced motion, 535 
as Bloesch and Burns (Bloesch and Burns, 1980). recommended. Hence, error due to trap tilt would 536 
be negligible (Gardner, 1985). Overall, the our traps performed well. Trap relative errors of our trap 537 
data (22-43%, Table 1) indicate goodd common trap precision (Stanley et al., 2004; Buesseler et al., 538 
2007). 539 
 According to our data, there were no marked daily changes in the vertical distribution of 540 
deadcarcasses and live A. salinusArctodiaptomus (Fig. 3). Similarly, Zadereev and Tolomeyev 541 
(Tolomeev (Zadereev and Tolomeev, 2007) did not observe in fishless Shira Lake any large-scale 542 
diel vertical migrations (DVM) of A. salinus in the fishless Lake Shira. Therefore,any stage of 543 
Arctodiaptomus. Thus, DVM could not affect our sampling and calculations were not affected by 544 
DVM.in Eqs 6-8.  545 
 546 
Comparison of y̅ and y* 547 
 The population of A. salinus was concentrated in the upper 0-9 m, where the largest number of 548 
carcasses was also found (Fig. 3). The observed decrease in carcass abundance with depth (Fig. 3) 549 
is consistent with the study of Bickel et al. (2009), and suggests that carcass dynamics was affected 550 
by processes other than sinking. Both y̅ and y* were estimated with accuracy and precision of the 551 
same order of magnitude as those of other field studies (e.g. Dubovskaya et al., 2003). Error (Er) of 552 
abundance estimation (A) by our net sampling method can be calculated as Er = 2.01A0.78 553 
(Gladyshev, 1985; Dubovskaya, 1987). This Er includes micro-horizontal variability (zooplankton 554 
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patchiness). For data of iN , y̅ and y* (Table 4), Er was within a range of 20-109%. Er of y*av in 555 
Table 1 (for sinking velocity calculation) varied within 0-81.2 %, comparable to that for Bosmina in 556 
Lake Stechlin (1.3-66.2%; Dubovskaya et al., 2015). Although y* and Y were more variable in a 557 
few cases than those reported by Dubovskaya et al. (2015), sampling replications and rather large 558 
volumes of zooplankton samples (≥ 94 L) gave a reasonably accurate estimation of y̅ and y*.  559 
 Except for two occasions, y* was in all cases lower than y̅, giving low averaged y*/y̅ values of 560 
0.13-0.19 for all stages except C5 (0.77; Table 4). This observation has important ramifications for 561 
understanding NPM and carcass dynamics in the lake. Given y̅>y*, it means that many carcasses 562 
were removed from the water column before they reached the traps. Under such a condition, the 563 
choice of proper formulations is crucial for NPM calculation. When applying Eq. 17 to our data, 564 
NPM was-0.009-0.034 d-1; while using Eq. 16 increased NPM estimation to -0.002-0.103 d-1 (as 565 
explained above, the negative values should be interpreted as zero mortality within the range of 566 
precision of the method).The latter values are more realistic, since they follow from the assumption 567 
of non-negligible D, which is also supported by y̅>y* in our observations (see Introduction and 568 
Methods). Hence, application of Eq. 17 to sediment trap data would underestimate NPM. Even a 569 
small difference in NPM, when propagating through time, could lead to vastly different population 570 
growth projections (Elliott and Tang, 2011). 571 
 Carcasses in the water column can be removed e.g. by detritivory or microbial degradation. 572 
Turbulent mixing can increase the retention time of carcasses in the epilimnion and decrease the 573 
ratio y*/y̅. The coefficients G and D were strongly correlated and comparable to each other (linear 574 
regression: D = 0.974 G – 0.030; r2 = 0.992), suggesting that both sinking and water column 575 
processes were equally important in eliminating carcasses. The coefficient D in our calculations 576 
encapsulates the combined effect of different water column processes, but it does not distinguish 577 
their relative importance. Nevertheless, below we use independently collected data to examine the 578 
roles of these processes in removing zooplankton carcasses above the trap depth. 579 
 580 
Possible ingestion of carcasses by Gammarus predation effects 581 
 The amphipod zone of Gammarus lacustris was the main predator in the fishless Lake Shira. 582 
Consistent with thehabitation is the 0-12 m column (Table 2), which corroborates data by Zadereev 583 
et al. (Zadereev et al., 2010) and TolomeyevTolomeev et al. (Tolomeyev(Tolomeev et al., 2006), G. 584 
lacustris occupied the 0-12 m layer, but not below (Table 2).2006). Therefore, G. lacustris 585 
wouldGammarus could not affect A. salinusArctodiaptomus carcass abundance atin the trap depth. 586 
Rare12-15 m layer (y*). As our traps were suspended below the zone of Gammarus occupation, rare 587 
appearance of G. lacustrisone individual per trap could not substantially affect the carcass 588 
abundance in the traps (Y). Video registration inside the traps also suggests that this predator had 589 
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showed no effect on carcass abundance in the traps orGammarus presence there. Thus, Gammarus 590 
did not affect our calculation of carcassArctodiaptomus sinking velocity from trap data.and G.  591 
 Previous studies in Lake Some researchers of Shira have shown G. lacustrisLake ecosystem 592 
consider pelagic Gammarus as the top predator of feeding on live and dead individuals of A. 593 
salinusArctodiaptomus and Rotifera infrom the epi-and meta-limnionepi-metalimnion 594 
(Yemelyanova et al., 2002; Gubanov, 2009). We found A. salinusArctodiaptomus remains in the 595 
guts of G. lacustris from the net and trap samples. Although we could not determine the original 596 
vital state of the ingestedGammarus individuals, our observations at least indicate that the 597 
amphipod from the lake and trap samples, thus confirming predation of the former by the latter. G. 598 
lacustris can capture and consume diaptomid copepods (Wilhelm and Schindler, 1999; 599 
Yemelyanova et al., 2002). Thus, Gammarus could potentially ingest A. salinusconsume live and 600 
dead Arctodiaptomus in the 0-12 m column, decreasing the number of Arctodiaptomus carcasses 601 
above the trap depth and contribute to the removal coefficient D. 602 
Thethat had reached the 12-15 m layer, i.e. lowering not only yi but also y*. This potential loss 603 
of carcasses due to ingestion by G. lacustris could be estimated from theas daily minimal 604 
consumption compensating daily energy expenditure of the amphipod. An individual of G. lacustris 605 
with a body length of. Gammarus 10 mm long weighs ca. 11.60 mg (Yemelyanova et al., 2002) and 606 
has a respiration rate of 4.2 µl O2 ind
-1 h-1 at the epilimnic mean temperature of 2020°C 607 
(Sushchenja, 1972). ItsAssuming maximal abundance of the both species in the 0-6 m epilimnion at 608 
the epilimnetic mean temperature of 20 °C, we estimated the daily energy expenditure can be 609 
estimated as R = (0.0042 × 24 × 4.86)/0.9 = 0.544 mg ind-1day-1, where 4.86 cal ml-1 O2 is 610 
oxycaloric coefficient and 0.9 cal mg-1 is caloric content of wet mass (Winberg, 1986). Assuming 611 
an assimilation efficiency of 0.8 (Winberg, 1986), the required prey consumption would be 0.680 612 
mg ind-1d-1.ind-1day-1. Given a wet weight of 0.068 mg for adult Arctodiaptomus 1.2 mm long 613 
(Balushkina and Winberg, 1979), this is equivalenttranslates to a consumption of ~ 10 carcasses ind-614 
1 d-1.The maximalday-1. Maximal abundance of G. lacustrisGammarus in the 0-12 m layer 615 
wascolumn, 29 ind m-3, which translates to a maximal removal of 290 ind m-3 could consume 290 616 
carcasses of adult A. salinus carcasses.Arctodiaptomus. This estimated value is comparable towith 617 
the averaged difference between y̅yi and y*, whose values for females and male A. salines carcasses 618 
(242 and 249s fall within the limits of 54-684 ind m-3, with the mean of 222 ± 40 ind m-3, 619 
respectively; Table 4). Therefore, ingestion of carcasses by G. lacustris within 0-12 m could explain 620 
the loss of carcasses.m-3. Thus, Gammarus predation could be a potential cause why part of carcass 621 
number of yi did not reach the 12-15 m layer and y* was < yi.  622 
 623 
Turbulence effect and microbial decomposition 624 
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 Among theSinking velocity 625 
The in situ sinking velocities of Arctodiaptomus carcasses obtained from our trap data (Table 3) are 626 
comparable with those of Cyclops vicinus carcasses in a  small Siberian reservoir (0.3-5.8 m d-1) 627 
measured by the same method (Dubovskaya et al., 2017). In the rank of nauplii, C1-4 and adults, 628 
the average carcass sinking velocity (v*)averages increased from 3.7 to 9.3 m d-1, in accordance 629 
with the increase in bodythe stage size. An interesting exception was C5, which had the lowest 630 
carcassHowever, the sinking velocity and it is likely due to the presence of fat droplets in its bodyof 631 
the large-sized C5 is left out of this rank, having the minimal average of 2.0 m d-1. Apparently, this 632 
low v* is the result of the lower C5 body density due to presence of light fat inclusions (e.g. 633 
Stepanov and Svetlichnyyi,Svetlichny, 1981). The presence of For instance, an increase in the fat 634 
droplet may allow C5 (both live and dead) to volume in bodies of Calanus helgolandicus resulted in 635 
a decrease in their density from 1.07 to 1.02-1.015 g cm-3 (Stepanov and Svetlichny, 1981). Water 636 
densities of Shira Lake in the 6-12 m layer were similar, 0.015-0.012 g cm-3 (Fig. 2C). So in this 637 
layer, C5 might achieve neutral buoyancy (excess density = 0), which might result in accumulation 638 
of live and congregate within dead C5 individuals in the 6-12 m as observed in our field sampling.  639 
 The in situ carcass sinking velocities of A. salinus (2.0-8.5 m d-1) were in general much lower 640 
than those obtained by in vitro settling column method. For example, in vitro sinking velocity was 641 
35.4±15.6 m d-1for Acartia tonsa C1-3layer. Besides, C5 carcasses (Elliott et al., 2010), and 642 
112.1±20.3 m d-1  for Eudiaptomus gracilis adult carcasses (Kirillin et al., 2012). In vitro sinking 643 
velocity in the absence of any water motion and physical gradients should be regarded as 644 
«maximal» (Ploug et al., 2008), or «potential» sinking velocity (Grossart and Simon, 1998). In 645 
contrast, in situ sinking velocity calculated from Eq.4 represents the average downward velocity of 646 
sinking and suspended particles (McDonnell et al., 2010; 2015). Carcasses maymight achieve 647 
positive buoyancy due to microbial decomposition and float upward (Elliott et al., 2010; Kirillin et 648 
al., 2012)―a phenomenon known as2012). Causes of the “anti-rain” of carcasses were discussed 649 
elsewhere (Dubovskaya et al., 2015), and not be captured by the traps.2015). 650 
 Wind-driven currents and turbulence may also decrease  The in situ carcass sinking 651 
velocities, leading to of Arctodiaptomus (2.0-9.3 m d-1) were much lower than those obtained by in 652 
vitro settling column method. For example, in vitro sinking velocity of Acartia tonsa copepodites I-653 
III was 35.4±15.6 m d-1 (Elliott et al., 2010), and that of Eudiaptomus gracilis adults - 112.1±20.3m 654 
d-1 (Kirillin et al., 2012). In vitro sinking velocity in the absence of any water motion and physical 655 
gradients is named as «maximal» (Ploug et al., 2008), or «potential» sinking velocity (Grossart and 656 
Simon, 1998). As for in situ sinking velocity in Eq 4, it is “the average downward velocity of all the 657 
particles present in a given size class”, which includes both sinking and suspended particles 658 
(McDonell et al., 2010 p. 2086). Hence, this velocity (w) “is a lower average v* and a lower 659 
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mortality rate that can be accounted for by carcass sinking. During our study, wind speed 660 
increasedlimit estimate of the velocity of the actively sinking particles as the presence of suspended 661 
particles would decrease w” (McDonell et al., 2015 p.185). We suggest that buoyancy of 662 
Arctodiaptomus carcasses varies with varying of the stage and time after death. Then neutrally and 663 
positively buoyant carcasses outside the trap are included in y* but not collected by the trap and not 664 
included in Y, thus lowering average v* from Eq 4.  665 
 Our data also suggests an appreciable effect of the wind-driven currents and turbulence on the 666 
sinking rates: wind speed increase on 21-22 June and on 25-26 June, resulting was reflected in the 667 
high-amplitude oscillations of the isotherms—indicator of intensified internal wave activity, and ain 668 
the ~3-fold increase inof the current speeds at the trap depth (Fig.2A). Sinking depth of traps 669 
exposure. Although the resolution of observations does not allow deriving a statistically significant 670 
effect, sinking of carcasses might be slowed down by the shear turbulence during these periods. 671 
Indeed, on 24-26 June the traps yielded rather low values of carcass sinking velocity, especially trap 672 
No. 1 and 2 (Table 3). Minimal sinking velocity of male carcasses was obtained in this period 673 
(Table 3). This turbulence effect has been described by others:is also known from previous studies: 674 
Dubovskaya et al. (Dubovskaya et al., 2003) showed that thenegative relationship of sinking 675 
velocities of Daphnia and Cyclops carcasses (v, m d-1) were negatively correlated with wind speed 676 
(u, m s-1) asover the reservoir: v =  677 
3.709u–0.984. Ivory et al. (Ivory et al., 2014) also found aobtained negative relationship between 678 
carcass flux measured by traps (y, mg C m-2day-1) and mean current velocity at the trap depth (x, cm 679 
s-1): y = 105.9e–0.70x. Modeling of sinking velocity of zooplankters with turbulence and temperature 680 
parameters in a lake also showed that in lake conditions, the laboratory settling column velocity 681 
decreased by a factor of two (Kirillin et al., 2012; Dubovskaya et al., 2015).  682 
 WeBased on this, we may suggest that turbulence increases the retention time of carcasses in 683 
the upper epilimnion, where they can be removedare further eliminated by ingestiondecomposition 684 
and/or microbial degradation. Based on the measured predation. At mean sinking velocities (given 685 
in Table 3),3, carcasses of nauplii from the surface (z = 0 m) would reach the sediment trap at and 686 
C1-4 would sink to the 14 m in depth for 3.8 and 2.7 days, C1-4respectively, and male or female 687 
carcasses in 2.7 days, and adult carcasses infor 1.5 days. During this time, microbial degradation as 688 
a temperature-dependent process (Eq. 18 in Kirillin et al., 2012) wouldThe decrease the in carcass 689 
excess density by respectively during this time at 20°C will be 0.0223, 0.0210 and 0.0188 g cm-3. 690 
Assuming an  based on Eq. 18 in (Kirillin et al., 2012). Estimating the initial carcass density ofas 691 
1.045 g cm-3 (Elliott et al., 2010), microbial degradation would lower the carcass excess density by 692 
50,the decrease will be 50%, 47 and 42%, of excess density, respectively. Such a substantial 693 
losssignificant lowering of excess density would greatlydown to zero at minimal sinking velocities 694 
Page 59 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
22 
 
will increase carcass retention time and remineralization aboveof carcasses in the traps.0-12 m 695 
column until their full mineralization (at least to an empty chitin carapace).  696 
 The estimates of the turbulent mixing from the flux-gradient method (Fig.2D) also suggest high 697 
mixing rates in the epilimnion, apparently driven by wind. Thewind: the KZ values in the upper 698 
mixed layer of Lake Shira are up to one order of magnitude higher (10-1 m2 s-3) than those measured 699 
previously in the similarly sized but more wind-sheltered Lake Stechlin having similar spatial 700 
dimensions (10-3-10-2m2 s-3, Kirillin et al., 2012). Interestingly, Noteworthy, according to the 701 
random-walk model of turbulence (Kirillin et al., 2012), this increase of KZ does not produce any 702 
significant increase in carcass retention in the epilimnion. Apparently, isotropic chaotic movements 703 
have little effect on carcass sinking. However,of the carcasses retention in the epilimnion. 704 
Shortcomings of the random-walk method in application of turbulence are the main reason for this 705 
result: the effect of wind on the vertical particle motion is more manifold than simple intensification 706 
of stochastic vertical motions. In particular, the circular water motions produced by surface waves, 707 
Langmuir circulations, or convective cells may capture relatively small the particles (e.g. 708 
zooplankton carcasses)of comparably small size for a longer time and may also contribute to their 709 
mechanical destruction. A reliable quantification of these effects requires in situ observation of 710 
carcasses movement in surface waters.registration of carcasses movement in surface waters. The 711 
stratification in Shira is also appreciably stronger than in freshwater lakes, where similar works 712 
were previously performed (Kirillin et al., 2012; Dubovskaya et al., 2015): the density jump across 713 
the Shira pycnocline is ~5 kg m-3 vs. ~2 kg m-3 in Lake Stechlin and Arendsee, which factor can 714 
further slowdown carcasses sinking and promote their degradation in the water column. 715 
Extrapolation of the particle sinking model used by Kirillin et al. (Kirillin et al., 2012) and 716 
Dubovskaya et al. (Dubovskaya et al., 2015) on Arctodiaptomus sinking in Lake Shira produces 717 
however the sinking velocities of 10-100 m d-1, which are much higher than those following from 718 
the sedimentation trap data. The reasons for this divergence between the field observations and the 719 
modeling results based on in vitro data were discussed previously (Dubovskaya et al., 2015). In 720 
brief, the purely known degradation rates, the lack of adequate description for the vertical water 721 
motions, and missing the uncertainties in estimation of the excess density of carcasses relative to 722 
that of water are among the major reasons of overestimated model sinking velocities. 723 
 The stratification in the brackish Lake Shira is appreciably stronger than in freshwater lakes. 724 
For example, the density difference across the Lake Shira pycnoclinewas~5 kg m-3, compared to 725 
only ~2 kg m-3 in Lake Stechlin and Lake Arend (Kirillin et al., 2012). The strong stratification in 726 
Lake Shira could further slowdown carcass sinking and promote their degradation in the water 727 
column.  728 
 729 
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Reality check of non-predatorynon-predation mortality estimates  730 
 The decrease in carcassof the carcasses abundance with depth indicates that a significant 731 
amount of carcasses was eliminated is eliminated in the water column above the traps. Formally, 732 
this fact implies that Eq. 1 and its derivatives, Eqs 6 and 8, are inapplicable in this situation without 733 
introducing a new ‘sink term’ describing the cumulative effect of mechanical destruction, 734 
biodegradation and consumption. In the current form, Eq. 1 incorporates all these elimination 735 
effects in the ‘source term’ mN, thus reducing the mortality estimation m compared with the actual 736 
in situ mortality, potentially to zero or even to negative values, if the carcasses production on the 737 
traps’ depth is higher than the flux from the water column above the traps. above. Indeed, from Eq. 738 
8, we obtained extremely low NPM (-0.009 – 0.034 d-1) including 5 negative values (Table 4). 739 
However, the processes of carcasses elimination are extremely difficult to parameterize due to 740 
limited observational information, and the removal term remains poorly constrained.such a ‘sink 741 
term’ would be quite uncertain. Only a rudimentary approaches to this problem was attempted by 742 
are realizable at the current state of knowledge, like that of Frangoulis et al. (Frangoulis et al., 743 
2011), who attributed the introduced such a term in a simplest form, as a decrease in of carcass flux 744 
with increasingan increase in the trap depth due to decomposition of the sinking material. Hence, 745 
the reliability of the otherwise well-established and robust sedimentation trap method to estimate 746 
estimation of the zooplankton NPM mortality requires a more thorough evaluation. examination. 747 
We have shown that low carcass abundance at the trap depth, y*, could be the result of sinking of 748 
carcasses from the 0-12 m column which have escaped predation and decomposition and reached 749 
the lower layer (12-15 m). In addition, a few carcasses could be produced in the 12-15 m layer by a 750 
few live animals staying here. The resulting y* value will be lower than the yi value, which reflects 751 
the number of carcasses produced in the column of primary residence of the population. 752 
 Incorporation of removal processes in addition to sinking (Eqs. 9 and 16) to derive conservative 753 
estimates of NPM produces NPM values of 0.0003– The question, which of the two equations, 6 754 
and 8, is more reliable in application to the estimation of non-predation mortality can be answered 755 
by a closer inspection of Equation 5, which can be rewritten in the originally measured variables as, 756 
1 y Y
m
N t hS
∂ = + ∂ 
         (12) 757 
corresponding exactly to Eq. 8, the latter therefore being the only correct form of Eq. 1 in 758 
application to the sediment traps measurements. On the other hand, the NPM values derived from 759 
Eq. 6 (0.001 – 0.103 d-1, which d-1) seem to be more realistic, and are comparable to the non-760 
predatory mortalityphysiological death rates for zooplankton reported inknown from the literature 761 
(<0.01-0.15 d-1; reviewed by Tang and Elliott, 2013). For example, the rich fat content observed in . 762 
In particular, minimal m of diapausing C5 was indicative of diapause, and the estimated m for C5 763 
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(0.0003-0.008(0.001 d-1) was indeed closeequal to the minimal physiological death rate of 0.001-764 
0.05 day-1 (Shushkina et al., 2000; Dubovskaya, 2009).Two of the three m values for 2009), and 765 
minimal m of females (0.048-0.023) and (0.066-0.029) or all m of males (0.049-0.020), on the other 766 
hand, (0.049-0.029) were close to the upper limit of senescencethe senescent death rate of 0.01-0.05 767 
day-1 (Tang et al., 2014). The same range of NPM values was reported by Frangoulis et al.is given 768 
(Frangoulis et al., 2011) for copepodsnon-predatory mortality of copepod biomass derived from 769 
“swimmer- excluding” sediment trap data. The minimal mortality of adults of calanoid copepods in 770 
survival experiments was also within the range of 0.001-0.031 d-1 (Kiørboe et al., 2015).  2015). 771 
Tang and Elliott (Tang and Elliott, 2013) in their review reported limits of 0.01 – 0.065 d-1 for 772 
known values of NPM. The highest NPM values 0.103 and 0.100 d-1were obtained for copepodites 773 
1-4 and females during the first interval of mortality calculation (19-21 June). The most likely 774 
causes of younger stage deaths might be high temperature (Jiménez-Melero et al., 2007; Elliott and 775 
Tang 2011), lack of food quality and quantity and /or diseases and parasites (Dubovskaya, 2009; 776 
Tang et al., 2014). Given the occurrence in our samples of Arctodiaptomus adults similar to ones 777 
with the "white fat cell disease" (Ebert, 2005), micro-parasite infection was the most likely cause of 778 
high NPM of females in addition to physiological senescence.  779 
 Furthermore, the temporal variationdynamics of NPM values from Eq. 6 was consistent with A. 780 
salinusconcurrent Arctodiaptomus abundance data. For example, the relativelyIndeed, 781 
comparatively high mortality of all developmental stages (the population average 0.061 d-1;d-1, 782 
Table 5)4) at the beginning of the study period (19-21 June) was followed by aled to some decrease 783 
in the abundance of live nauplii, C1-4, males and females between 21 and 24 June(Table4). (Fig.5). 784 
During the following 5-day intervals ∆t2 and ∆t3, the, NPM value decreased initially to 0.022s were 785 
low (0.029 and 0.009 d-1on average) and to 0.007 d-1afterwards, andfell within the concurrent 786 
physiological death range. Concurrent variations in the abundance of all developmental stages were 787 
also rather low, suggesting that the population was close to equilibrium. 788 
 789 
Conclusion 790 
 Notwithstanding the ignorance of zooplankton carcasses in conventional field sampling, it is 791 
now evident that zooplankton can suffer, at times significantly, non-predatory mortality and leave 792 
behind carcasses. Sediment trap method has been well developed and widely used for studying 793 
sinking fluxes. By using sediment traps to collect sinking zooplankton carcasses in situ, it is 794 
possible to derive NPM from the trap data, as well as to assess the contribution of zooplankton 795 
carcasses to organic carbon flux. Hence, sediment traps, when augmented by water column 796 
sampling, provide an effective means to investigate zooplankton non-predatory mortality and the 797 
fate of the carcasses.However, the sediment trap method assumes sinking as the major (sole) 798 
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process removing carcasses. Accordingly, the accuracy of the method can be compromised when 799 
carcasses are removed by other processes in the water column before they reach the traps.  800 
 In this study, we began with a detailed mathematical analysis of the problem and derived 801 
formulations to account for carcass removal from the water column. We then used an empirical 802 
study in Lake Shira to compare and contrast the use of depth-integrated average carcass abundance 803 
(y̅) and depth-specific carcass abundance (y*) for calculating NPM of the dominant copepod A. 804 
salinus, and to examine the different water column processes for removing copepod carcasses. We 805 
showed that in Lake Shira where carcass abundance decreased with depth, it is essential to take into 806 
account removal of carcasses in addition to sinking when calculating NPM. To a first 807 
approximation, it can be done by adopting the mean abundance of carcasses in the water column 808 
above traps as a characteristic value for estimation of the NPM from the trap data. We also showed 809 
that ingestion by the amphipod G. lacustris, along with turbulent mixing and microbial degradation, 810 
could account for the estimated removal of carcasses above trap depth. 811 
 The observation that y* was considerably smaller than y̅I  means that a good portion of the 812 
zooplankton carcasses was retained in the upper water layer, thereby contributing to epilimnic 813 
carbon and nutrient cycling, rather than to the benthic food web in Lake Shira. 814 
 815 
 In order to qualify the validity of Eq. 6 in application to the NPM estimation, let us consider a 816 
simplified case of depth-constant sinking velocity v. Then, Eq. 1 turns into 817 
y y
mN v
t z
∂ ∂
= −
∂ ∂
         (13). 818 
Assuming further the live zooplankton is equally distributed across the water column (N=const), 819 
and the situation is close to steady state (∂y/∂t≈0), Eq. 1 solves as 820 
y = (mN/v*)z + y0         (14) 821 
i.e. abundance of carcasses y should linearly grow with depth. Note that at these conditions, Eq. 1 822 
produces zero mortality rate m if distribution of carcasses is vertically homogeneous, *y y= . That 823 
means, a steady-state situation with an equally distributed abundance of carcasses is impossible, 824 
unless degradation of carcasses takes place, which then should be incorporated into Eq. 1. The 825 
degradation rate D can be incorporated into the vertical transport of carcasses (Eq. 1) as follows 826 
y y
mN v Dy
t z
∂ ∂
= − −
∂ ∂
         (15). 827 
Solution of Eq. 15 yields exponentially decaying abundance of carcasses with depth. To find its 828 
connection to the estimations of the mortality rate m, based on Eq. 6, let us assume the instant 829 
abundance of carcasses is proportional to the abundance of live zooplankton, y = δN. The analytical 830 
solution of Eq. 15 under the same assumptions N = const and ∂y/∂t ≈ 0 reads 831 
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( ) 0 exp
m D
y z y z
v
δ
δ
− =  
 
        (16) 832 
and the discrete numerical solution with regard to m, analogous to Eq. 8 can be written as 833 
*
i
i i
i i i
y y y
m D G
N tN N
∆
− = +
∆
        (17).  834 
Thus, in presence of carcasses degradation, the mortality rate mtrap calculated by Eq. 6, 8 from 835 
sediment trap data is, in fact, reduced by relative degradation rate, as compared with the real 836 
mortality in situ:  837 
trap
y
m m D
N
= − . 838 
Apparently, the slower the degradation D the closer is the trap estimation to the real mortality. 839 
Using the nearly exponential vertical distribution of carcasses, as follows from Eq. 16, one can 840 
estimate the error introduced by using Eq. 6 instead of Eq. 8, i.e. by replacement of the carcasses 841 
abundance at the trap depth y* with the mean abundance above the trap y . Introducing γ = (D–842 
m/δ)/v, one can show that */y y → 1 at γh→ 0, and */y y → ∞ at γh→ ∞, where h, as before, is the 843 
depth of the trap exposition. Hence, Eqs 6 and 8 are interchangeable if the traps are positioned close 844 
to the depth of the maximum abundance of zooplankton as in (Dubovskaya et al., 2015), and the 845 
error becomes higher with deeper exposition of traps. An intermediate case γh ≈ 1 yields */y y  ≈ (e 846 
– 1) ≈ 1.71, i.e. Eq. 6 would in typical configurations slightly overestimate the mortality rate, which 847 
overestimation is however within the range of the method accuracy.  848 
 849 
Conclusions 850 
We can conclude that Eq. 6 is applicable to the mortality rate estimations and may be preferred in 851 
the analysis of field data, as having one important advantage: at low abundances of carcasses on the 852 
depth of trap exposition (y*), the integral sample y  (yi) would provide more reliable numbers than 853 
small samples from a single depth. Values of NPM of Arctodiaptomus, determined by the equation 854 
with yi, were 0.001-0.103 d
-1, and were in good agreement with literature data and the population 855 
abundance dynamics. NPM values from the equation with y* (Eq. 8) were too low to be realistic. 856 
A considerable decrease in y* compared with yi (yi > y*) means that zooplankton carcasses in deep 857 
stratified lakes are mostly eliminated via consumption and microbial decomposition in upper layers 858 
of the pelagic zone, rather than by sinking through the thermocline to the bottom. Thus, they 859 
contribute to pelagic carbon mineralization and nutrient recycling, rather than to benthic food webs. 860 
 861 
Funding 862 
Page 64 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
27 
 
This work was performed in frames of the joint German-Russian Project “Mortality of Zooplankton 863 
in lake ecosystems and its potential contribution to carbon mineralization in pelagic zone” 864 
supported by the German Research Foundation [DFG Nr. GR-1540/29-1] and the Russian 865 
Foundation for Basic Research [RFBR No. 16-54-12048]. The work also was partly supported by 866 
Russian Federal Tasks of Fundamental Research [project No. 51.1.1] and by grant [NSh-867 
9249.2016.5] from the President of the Russian Federation. 868 
 869 
References 870 
Balushkina, E. V. and Winberg, G. G. (1979) Relation between mass and body size of plankton 871 
animals. In: Winberg, G. G. (ed), General backgrounds for study of aquatic ecosystems. Nauka, 872 
Leningrad, pp. 169–172. (in Russian) 873 
Bickel, S. L., Tang, K. W. and Grossart, H.-P.H-P. (2009) Use of aniline blue to distinguish live 874 
and dead crustacean zooplankton composition in fresh waters. Freshwater Biol., 54, 971–981. 875 
Bloesch, J. and Burns, N. M. (1980). A critical review of sediment trap technique. Schweiz. Z. 876 
Hydrol., (Swiss journal of Hydrology), 42, 15-55. 877 
Buesseler, K. O., Antia, A. N., Chen, M., Fowler, S. W., Gardner, W. D., Gustafsson, O., Harada, 878 
K., Michaels, A. F., et al. (2007) An assessment of the use of sediment traps for estimating 879 
upper ocean particle fluxes.ﬂuxes. J. Mar. Res., 65, 345–416. 880 
Dubovskaya, O. P. (1987) Formation of zooplankton of Sayano-Shushensk reservoir. PhD Thesis. 881 
Irkutsk State University.. (in Russian) 882 
Dubovskaya, O. P. (2008)(2008a) Evaluation of abundance of dead crustacean zooplankton in a 883 
water body using staining of the samples by aniline blue technique: methodological aspects. J. 884 
SibFU.Sib. Fed. Univ. Biol., 1, 1(2),145-161. (in Russian) 885 
Dubovskaya, O. P. (2008b) Evaluation of possible causes of non- predatory mortality of crustacean 886 
zooplankton in a small Siberian reservoir. J. Sib. Fed. Univ. Biol. 1(1): 3–18. 887 
Dubovskaya, O. P. (2009) Non-predatory mortality of the crustacean zooplankton, and its possible 888 
causes (a review). Zh. Obshch. Biol., 70, 168–192 (in Russian). 889 
Dubovskaya, O. P., Tolomeev, A.P. and Buseva Zh. F. (2017) The methodology of using sediment 890 
traps to study vertical flux and sinking velocities of suspended particles of large size: marine 891 
snow, fecal pellets and zooplankton carcasses (a review). J. Sib. Fed. Univ. Biol. 10 [DOI: 892 
10.17516/1997-1389-201]. 893 
Dubovskaya, O. P., Gladyshev, M. I., Gubanov, V. G. and Makhutova, O. N. (2003) Study of non-894 
consumptive mortality of Crustacean zooplankton in a Siberian reservoir using staining for 895 
live/dead sorting and sediment traps. Hydrobiologia, 504, 223-227. 896 
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Page 65 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
28 
 
Dubovskaya, O. P., Tang, K. W., Gladyshev, M. I., Kirillin, G., Buseva, Z., Kasprzak, P., 897 
Tolomeev, A. P. and Grossart, H. -P. (2015) Estimating in situ zooplankton non-predation 898 
mortality in an oligo-mesotrophic lake from sediment trap data: caveats and reality check. PLoS 899 
ONE, 10(7), e0131431 [doi:10.1371/journal.pone.0131431]. 900 
Ebert, D. (2005) Ecology, Epidemiology, and Evolution of Parasitism in Daphnia [Internet]. 901 
Bethesda (MD): National Library of Medicine (US), National Center for Biotechnology 902 
Information. Available from: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Books 903 
Elliott, D. T., Harris, C. K. and Tang, K. W. (2010) Dead in the water: the fate of copepod 904 
carcasses in the York River estuary, Virginia. Limnol. Oceanogr., 55, 1821–1834. 905 
Elliott, D. T., and Tang, K. W. Tang. (2011) Influence of carcass abundance on estimates of 906 
mortality and assessment of population dynamics in Acartia tonsa. Marine Ecol. Progr. Ser. 907 
427: 1-12 [doi: 10.3354/meps09063]. 908 
Elliot, D. T. and Tang, K. W. (2011) Inﬂuence of carcass abundance on estimates of mortality and 909 
assessment of population dynamics in Acartia tonsa. Mar. Ecol. Prog. Ser., 427, 1-12.1–12. 910 
Frangoulis, C., Skliris, N., Lepoint, G., Elkalay, K., Goffart, A., Pinnegar, J. K. andAnd Hecq, J.-911 
H. (2011) Importance of copepod carcasses versus faecal pellets in the upper water column of 912 
an oligotrophic area. Estuar. Coastal Shelf Sci., 92, 456–463. 913 
Gardner, W. D. (1985) The effect of tilt on sediment trap efficiency. Deep-Sea Res., 32, 349-361. 914 
Gentleman,Gentlman, W. C. and Head, E. J. H. (2017) Considering non-predatory death in the 915 
estimation of copepod early life stage mortality and survivorship. J. Plankton Res., 39, 92–110. 916 
Gladyshev, M. I. (1985) Assessment of the statistical significance of differences in zooplankton 917 
abundance on single samples. Gidrobiol. Zh.,21(5), 65–70. (In Russian).Gidrobiologicheskii 918 
Zhurnal, 21(5), 65–70. (Translated into English as Hydrobiological Journal) 919 
Gladyshev, M. I., Dubovskaya, O. P., Gubanov, V. G. and Makhutova, O. N. (2003) Evaluation of 920 
non-predatory mortality of two Daphnia species in a Siberian reservoir. J. Plankton Res., 25, 921 
999-1003. 922 
Gladyshev, M. I. and Gubanov, V. G. (1996) Determination of the seasonal dynamicsSeasonal 923 
Dynamics of Bosmina longirostris mortalityMortality in a forest pondForest Pond by counting 924 
dead specimens. Dokl. Biol. Sci.,Counting Dead Specimens. Doklady Biological Sciences, 925 
348,348: 244–245. (Translated from Doklady Akademii Nauk 348(1): 127–128). 926 
Gries, T. and Güde, H. (1999) Estimates of the nonconsumptive mortality of mesozooplankton by 927 
measurement of sedimentation losses. Limnol. Oceanogr., 44, 459-465. 928 
Grossart, H.-P. and Simon, M. (1998) Significance of limnetic organic aggregates (lake snow) for 929 
the sinking flux of particulate organic matter in a large lake. Aquat. Microb. Ecol., 15, 115-125. 930 
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: 12 pt
Formatted: Font: 12 pt
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Page 66 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
29 
 
Gubanov, M. V. (2009) Interspecific interactions of dominant species of lake Shira biota in 931 
laboratory conditions. PhD Thesis. Krasnoyarsk, Sib.FU.Krasnoyarsk. (in Russian). 932 
Hákanson, L. (1984) Suspension and calibration of a sediment trap. Schweiz. Z. Hydrol., (Swiss 933 
journal of Hydrology), 46, 171-175. 934 
Hákanson, L., Floderus, S. and Wallin, M. (1989) Sediment trap assemblages - a methodological 935 
description. Hydrobiologia, 176/177, 481-490. 936 
Hirst, A. G. and Kiørboe, T. (2002) Mortality of marine planktonic copepods: global rates and 937 
patterns. Mar. Ecol. Prog.Progr. Ser., 230, 195-209. 938 
Ivory, J. A., Tang, K. W. and Takahashi, K. (2014) Use of Neutral Red in short-term sediment 939 
traps to distinguish between zooplankton swimmers and carcasses. Mar. Ecol. Prog. Ser., 505, 940 
107–117. 941 
Jiménez-Melero, R., Parra, G., Souissi, S. and Guerrero, F. (2007) Post-embryonic developmental 942 
plasticity of Arctodiaptomus salinus (Copepoda: Calanoida) at different temperatures. J. 943 
Plankton Res., 29, 553–567. 944 
Jiménez-Melero, R., Ramirez, J.M. and Guerrero, F. (2013) Seasonal variation in the population 945 
growth rate of a dominant zooplankter: what determines its population dynamics? Freshwater 946 
Biol., 58, 1221–1233. 947 
Kiørboe, T., Ceballos, S. and Thygesen, U. H. (2015) Interrelations between senescence, life-948 
history traits, and behavior in planktonic copepods. Ecology, 96, 2225-2235.2225. 949 
Kimmerer, W. J. (2015) Mortality estimates of stage-structured populations must include 950 
uncertainty in stage duration and relative abundance. J. Plankton Res., 37, 939–952. 951 
Kirillin, G., Grossart, H.-P. and Tang, K. W. (2012) Modeling sinking rate of zooplankton 952 
carcasses: Effects of stratification and mixing. Limnol. Oceanogr., 57, 881–894. 953 
Lau,Y. L. (1979) Laboratory study of cylindrical sedimentation traps. J. Fish Res. Bd Canada, 36, 954 
1288–1291. 955 
McDonnell, A. M. P. and Buesseler, K. O. (2010) Variability in the average sinking velocity of 956 
marine particles. Limnol. Oceanogr., 55, 2085–2096. 957 
McDonnell, A. M. P., Boyd, P. W. and Buesseler, K. O. (2015) Effects of sinking velocities and 958 
microbial respiration rates on the attenuation of particulate carbon fluxes through the 959 
mesopelagic zone. Global Biogeochem. Cycles, 29, 175–193. 960 
Millero, F. J., Chen, C. T., Bradshaw, A., and Schleicher, K. (1980) A new high pressure equation 961 
of state for seawater. Deep- Sea Res. Part A,A. 27, 255–264. 962 
Ploug, H., M. H. Iversen, M. H., Koski, M. and Buitenhuis, E. T. (2008)Buitenhuis. 2008. 963 
Production, oxygen respiration rates, and sinking velocity of copepod fecal pellets: Direct 964 
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: 12 pt
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Page 67 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
30 
 
measurements of ballasting by opal and calcite. Limnol. Oceanogr., 53,53: 469–476. [doi: 965 
10.4319/lo.2008.53.2.0469]. 966 
Rogozin, D. Y., Genova, S. N., Gulati, R. D. and Degermendzhy, A. G. (2010) Some 967 
generalizations based on stratiﬁcation and vertical mixing in meromictic Lake Shira, Russia, in 968 
the period 2002–2009. Aquat. Ecol., 44, 485–496. 969 
Rogozin, D. Y., Zykov, V. V. and Tarnovskii, M. O. (2016) Dynamics of purple sulfur 970 
bacteriaPurple Sulfur Bacteria in a meromictic saline lakeMeromictic Saline Lake Shunet 971 
(Khakassia, Siberia) in 2007–2013. Microbiology, 85,85(1): 93–101. 972 
Sampei, M., Hattori, H., Forest, A., and Fortiera, L. (2009). Significant contribution of passively 973 
sinking copepods to downward export flux in Arctic waters. Limnol. Oceanogr., 54, 1894–974 
1900. 975 
Sampei, M., Sasaki, H., Forest, A., and Fortier, L. (2012). A substantial export flux of particulate 976 
organic carbon linked to sinking dead copepods during winter 2007–2008 in the Amundsen 977 
Gulf (southeastern Beaufort Sea, Arctic Ocean). Limnol. Oceanogr., 57, 90-96. 978 
Stanley, R. H. R., Buesseler, K. O., Manganini, S. J., Steinbergb, D. K. and Valdes, J. R. (2004) A 979 
comparison of major and minor elemental fluxesﬂuxes collected in neutrally buoyant and 980 
surface-tethered sediment traps. Deep-Sea Res. I, 51, 1387–1395. 981 
Stepanov, V. N. and Svetlichnyyi, L. S. (1981) Research of hydromechanical 982 
characteristicsHydromechanical Characteristics of plankton copepods.Plankton Copepods. 983 
Naukova Dumka, Kiev, pp. 128 (in Russian). 984 
Shushkina, E. A., Vinogradov, M. E. and Lebedeva, L. P. (2000) Process s of detritus production 985 
and fluxes of organic matter from epipelagic zone in different oceanic regions. Oceanology, 40, 986 
183-191.  987 
Sushchenja, L. M. (1972) Respiration intensity of crustaceans. Naukova dumka, Kiev. (in Russian)  988 
Tang, K. W. and Elliott, D. T. (2013) Copepod carcasses: Occurrence, fate and ecological 989 
importance. In: Seuront, L (ed.) Copepods: Diversity, Habitat and Behaviour. Nova Science 990 
Publishers. 991 
Tang, K. W., Gladyshev, M. I., Dubovskaya, O. P., Kirillin, G. and Grossart, H.-P. (2014) 992 
Zooplankton carcasses and non-predatory mortality in freshwater and inland sea environments. 993 
J. Plankton Res., 36, 597-612.  994 
Tolomeyev, A. P., Zadereev, E. S. and Degermendzhy, A. G. (2006) Fine stratified distribution of 995 
Gammarus lacustris Sars (Crustacea: Amphipoda) in the pelagic zone of the meromictic lake 996 
Shira (Khakassia, Russia). Dokl. Biochem. Biophys.,Doklady Biochemistry and Biophysics, 997 
411, 346–348. 998 
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Page 68 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
31 
 
Wagner, A., Hulsmann, S., Dorner, H., Janssen, M., Kahl, U., Mehner, T. and Benndorf, J. (2004) 999 
Initiation of the midsummer decline of Daphnia as related to predation, non-consumptive 1000 
mortality and recruitment: a balance. Arch. Hydrobiol., 160, (1): 1-23. 1001 
Wilhelm, F. M. and Schindler, D. W. (1999) Effect of Gammarus lacustris (Crustacea:Amphipoda) 1002 
on plankton community structure in an alpine lake. Can. J. Fish. Aquat. Sci., 56, 1401-1408. 1003 
Winberg, G. G. (1986) Backgrounds of estimating of biotic balance. In: Alimov, A.F. (ed.) An 1004 
investigation of relationship between food supply and fish productivity by example of 1005 
Transbaikalia lakes. Leningrad, Nauka, p. 188-193 (in Russian).  1006 
Yemelyanova, A. Y., Temerova, T. A. and Degermendzhy, A. G. (2002) Distribution of Gammarus 1007 
lacustris Sars (Amphipoda, Gammaridae) in Lake Shira (Khakasia, Siberia) and laboratory 1008 
study of its growth characteristics. Aquat. Ecol., 36, 245–256.  1009 
Zadereev, Y.Ye. S. and Tolomeyev, A. P. (2007) The vertical distribution of zooplankton in 1010 
brackish meromictic lake with deep-water chlorophyll maximum. Hydrobiologia, 576, 69–82.  1011 
Zadereev, E. S., Tolomeyev, A. P., Drobotov, A. V., Emeliyanova, A. Y.Yu. and Gubanov, M. V. 1012 
(2010) The vertical distribution and abundance of Gammarus lacustris in the pelagic zone of 1013 
the meromictic lakes Shira and Shunet (Khakassia, Russia). Aquat. Ecol., 44, 531–539. 1014 
Zotina, T. A., Tolomeyev, A. P. and Degermendzhy, N. N. (1999) Lake Shira, a Siberian salt lake: 1015 
ecosystem structure and function. 1. Major physico-chemical and biological features. 1016 
International J.Journal of Salt Lake Res.,Research, 8, 211–232. 1017 
1018 
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Formatted: Font: Italic
Page 69 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
32 
 
Table 1. Number of Arctodiaptomus salinus carcasses accumulated in sediment traps per day (Y, ind 1019 
d-1) and carcass abundances at trap depth, 12-15 m, average of 2-3 samples taken at the beginning 1020 
and the end of daily trap exposure (y*av , ind m
-3) in Lake Shira Lake (for calculation of v*).  1021 
Date in 
June 
Carcasses in sediment trap, Y Carcasses at trap depth (12-15 m), y*av 
Trap1 Trap2 Trap3 CV (%) RE (%) Abundance CV(%) RE (%) 
Nauplii 
18-19 nd 5 15 70.7 50 127 nd nd 
19-20 20 14 20 19.25 11.1 167 33.9 24 
20-21 41 20 23 40.6 23.4 210 1.7 1.2 
24-26 0.51 0.51 12 43.3 25 49 12.9 7.4 
26-27 6 1 nd 101 71.4 69 32.8 23.2 
27-28 1 0 nd 141.4 100 154 63.4 44.8 
28-29 1 0 1 86.6 50 85 140.7 81.2 
Mean - - - - 47.2 116.9 - 36.2 
C1-4 
18-19 nd 5 9 40.4 28.6 64 nd nd 
19-20 9 9 11 12 6.9 83 31.7 22.4 
20-21 33 12 33 46.6 26.9 146 43.6 30.8 
24-26 36 36 2.5 10.2 5.9 81 15.6 9 
26-27 13 12 nd 5.7 4 154 73.5 51.9 
27-28 10 4 nd 60.6 42.9 483 72.9 51.6 
28-29 7 2 4 58.1 33.5 329 106.9 61.7 
Mean - - - - 22.1 200.8 - 37.6 
C5 
18-19 nd 1 2 47.1 33.3 21 nd nd 
19-20 7 2 4 58.1 33.5 88 107.5 76 
20-21 17 4 1 116 67 152 2.3 1.7 
24-26 12 0 1.53 91.7 52.9 134 50.7 29.3 
26-27 1 4 nd 84.9 60 165 40.8 28.9 
27-28 2 7 nd 78.6 55.6 128 11.6 8.2 
28-29 1 1 1 0 0 81 72 41.6 
Mean - - - - 42.5 107.5 - 27.4 
Females 
18-19 nd 2 8 84.6 60 21 nd nd 
19-20 13 8 9 26.5 15.3 48 78.9 55.8 
20-21 24 8 6 77.9 45 74 0 0 
24-26 24 12 36 50 28.9 25 48.5 28 
26-27 3 4 nd 20.2 14.3 37 19.1 13.5 
27-28 2 5 nd 60.6 42.9 48 16.4 11.6 
28-29 1 6 3 75.5 43.6 28 77.4 44.7 
Mean - - - - 36.3 37.8 - 21.9 
Males 
18-19 nd 5 5 0 0 21 nd nd 
19-20 14 8 7 39.2 22.6 56 88.4 62.5 
20-21 20 8 11 48 27.7 72 37.3 26.4 
24-26 24 0.51 24 57.7 33.3 25 48.5 28 
26-27 2 3 nd 28.3 20 27 82.7 58.5 
27-28 2 5 nd 60.6 42.9 64 47.9 33.9 
28-29 7 8 5 22.9 13.2 42 100 58 
Mean - - - - 26.8 43.6 - 38.2 
1022 
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33 
 
Table 2. Number of Gammarus lacustris in the net column samples (ind. sample-1), at trap depth 1023 
and inside the traps, Lake Shira, Lake, 2015, dash – no samples.  1024 
Date in 
June 
Water column Trap 
depth 
In traps 
 0-3 m 3-6 m 6-9 m 9-12 m 0-12 m 12-15 m 1 2 3 
18 - - - - 7 0 - - - 
19 - - - - 4 0 0 0 1 
20 - - - - - 0 0 1 0 
21 2 1 2 0 - 0 1 1 0 
24 0 1 0 1 - 0 - - - 
24 night 1 1 0 0 - 0 - - - 
26 - - - - 11 0 0 0 0 
27 - - - - 8 0 0 0 0 
28 - - - - 5 0 0 0 0 
29 night 4 4 1 0 - 0 - - - 
29 1 4 1 1 - 0 0 0 0 
1025 
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Table 3. In situ sinking velocity (v*, m d-1) of Arctodiaptomus salinus carcasses calculated from Eq. 1026 
4 using data from Table 1 for Lake Shira. Lake, means labeled with the same latter are not 1027 
significantly different at P<0.05 after ANOVA post-hoc Fisher test. 1028 
Da
te 
in 
Ju
ne 
Tr
ap 
No 
Nauplii C 1-4 C5 Females Males 
18-
19 
1 2.36 4.69 2.86 5.72 14.29 
 2 7.097.08 8.44 5.72 22.87 14.29 
19-
20 
1 7.19 6.55 4.80 16.43 15.01 
 2 5.03 6.55 1.37 10.11 8.57 
 3 7.19 8.00 2.74 11.37 7.50 
20-
21 
1 11.75 13.57 6.74 19.47 16.67 
 2 5.73 4.93 1.58 6.49 6.70 
 3 6.59 13.57 0.40 4.87 9.17 
24-
26 
1 0.611.22 2.214.43 0.450.89 4.809.60 4.809.60 
 2 0.611.22 2.214.43 0 2.404.80 1.202.40 
 3 1.222.44 1.853.69 0.671.34 7.2014.41 4.809.60 
26-
27 
1 5.22 5.07 0.36 4.87 4.53 
 2 0.87 4.68 1.46 6.49 6.80 
27-
28 
1 0.39 1.24 0.94 2.53 1.89 
 2 0 0.50 3.30 6.32 4.73 
28-
29 
1 0.71 1.28 0.74 2.12 9.93 
 2 0 0.36 0.74 12.73 11.35 
 3 0.71 0.73 0.74 6.36 7.10 
Mean ± 3.51±0.823.65± 4.81±0.975.15 1.98±0.472.04 8.51±1.409.31 8.30±1.078.90
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35 
 
SE 0.80AB ±0.93B ±0.46A ±1.38C ±1.00C 
For mortality calculation 
19-21 6.62±0.93 8.29±1.24 3.28±0.80 12.16±2.38 11.52±1.39 
21-26 4.42±1.824.82±
1.67 
6.39±3.587.44
±1.95 
1.64±1.041.83
±1.01 
7.54±2.489.94
±2.41 
7.23±2.179.02
±1.90 
24-29 1.03±0.481.28±
0.49 
2.01±0.522.69
±0.62 
0.94±0.291.05
±0.28 
5.58±0.997.02
±1.29 
5.71±1.016.79
±1.05 
 1029 
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 1031 
Table 4.Weighted mean abundances (ind m-3) NPM values (m, d-1) of live and dead Arctodiaptomus 1032 
salinus in 0-15 m water column and at trap depth, 12-15 m, inShira Lake Shira. For m calculations, data on 1033 
19, 21, 24, 26, 29 June were used (in bold).calculated from Eq.6 and Eq.8. 1034 
Date in 
Periods of 
June 
0-15 mFrom 
Eq. 6 (with 
yi) 
12-15 
mFrom Eq. 
8 (with y*) 
y̅i– 
yi* 
yi*/y̅i 
JuneNauplii Live 
( iN ) 
De
ad 
(
iy
) 
Live (N*) De
ad 
(yi
*) 
 
 
Nauplii19-21 0.044 0.006     
1921-26 
238850.012 
2056-
0.009 244 
1
2
7 
1929 
0.06 
2024-29 nd-0.001 nd-
0.004 
42 
2
0
7 
nd 
nd 
21C1-4 
33158 
22
02 1672 
21
2 
1990 
0.10 
2419-21 
168280.100 
5020.0
34 
202 4
8 
454 0.10 
21-26 
126420.039 
397-
0.007 180 
5
3 
344 
0.13 
2724-29 
120400.008 
2660.0
002 488 
8
5 
181 
0.32 
28C5 
10842 
43
3 467 
22
3 
210 
0.54 
2919-21 77330.008 1510.0
001 
180 1
6 
135 0.11 
Mean±SE21-
26 
-0.001 -0.004 - - 749±3
15 
0.19±0
.07 
C1-424-29 0.001 0.0002     
19Females 
14928 
17
06 191 64 
1642 
0.04 
2019-21 nd0.103 nd0.01
7 
42 
1
0
1 
nd 
nd 
21-26 
285350.066 
26580.
001 
159
2 
1
9
1 
2467 
0.07 
24-29 
255200.029 
11320.
006 
223 8
5 
1047 0.08 
26Males 
24625 
10
98 382 74 
1024 
0.07 
2719-21 
286560.049 
12510.
023 
129
5 
2
3
4 
1017 
0.19 
2821-26 
457750.028 
2286-
0.006 
196
4 
7
3
2 
1554 
0.32 
24-29 256150.010 10800.
003 
653 1
2
952 0.12 
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8 
Mean±SEPo
pulation 
mean 
- - - - 1386±
209 
0.13±0
.04 
C519-21 
0.061 
- (not 
calcula
ted)   
 
 
1921-26 
75350.029 284- 106 
2
1 
263 
0.07 
2024-29 nd0.009 nd- 
446 
1
5
4 
nd 
nd 
21 3094 276 1672 149 127 0.54 
24 3180 138 1290 96 42 0.70 
26 5429 119 1932 212 -93 1.78 
27 4899 94 1274 117 -23 1.25 
28 5432 257 1285 138 119 0.54 
29 2953 106 956 53 53 0.50 
Mean
±SE 
- - - - 70±4
3 
0.77±
0.21 
Femal
es     
 
 
19 3839 400 42 21 379 0.05 
20 nd nd 53 74 nd Nd 
21 4602 497 876 74 423 0.15 
24 2857 154 181 22 132 0.14 
26 2966 261 234 32 229 0.12 
27 3640 238 287 42 196 0.18 
28 4567 223 276 53 170 0.24 
29 2714 182 175 16 166 0.09 
Mean
±SE 
- - - - 242±
43 
0.14±
0.02 
Males       
19 9668 334 127 21 313 0.06 
20 nd nd 64 91 nd Nd 
21 13227 737 1274 53 684 0.07 
24 9026 161 154 32 129 0.20 
26 7197 191 159 11 180 0.06 
27 9622 204 340 42 162 0.21 
28 12316 176 541 85 91 0.18 
29 6982 207 244 21 186 0.10 
Mean
±SE 
- - - - 249±
77 
0.13±
0.03 
1035 
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Table 5. Values of G, D and NPM (d-1) of Arctodiaptomus salinus in Lake Shira calculated from 1036 
Eq.16 and Eq.17. 1037 
Daysof 
June 
G D NPM 
FromEq.16(
with y̅i) 
From Eq. 
17(with yi*) 
Nauplii     
19-21 0.473 0.443 0.044 0.006 
21-26 0.316 0.285 0.010 -0.009 
24-29 0.074 0.067 -0.002 -0.004 
C1-4     
19-21 0.592 0.570 0.100 0.034 
21-26 0.457 0.424 0.032 -0.008 
24-29 0.144 0.133 0.006 0.0001 
C5     
19-21 0.234 0.217 0.008 0.0001 
21-26 0.117 0.054 0.0003 -0.004 
24-29 0.067 0.021 0.001 0.00001 
Females     
19-21 0.869 0.823 0.103 0.017 
21-26 0.538 0.458 0.048 -0.002 
24-29 0.399 0.343 0.023 0.005 
Males     
19-21 0.823 0.771 0.049 0.023 
21-26 0.516 0.479 0.020 -0.006 
24-29 0.408 0.327 0.008 0.002 
Population mean 
19-21 - - 0.061±0.018 - (not 
calculated) 
21-26   0.022±0.008 - 
24-29   0.007±0.004 - 
 1038 
1039 
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 1040 
 1041 
 1042 
Fig. 1. Schematic of the sediment trap with digital video recorder and mooring system.  1043 
1044 
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 1103 
 1104 
Fig. 3. Vertical distributions of live and dead Arctodiaptomus salinus in Lake Shira Lake on 21, 24 1105 
and 29 June 2015. The shaded panels correspond to the nighttime. 1106 
 1107 
1108 
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Fig. 4. NumberDynamics of a number (as 10- min average) of Arctodiaptomus salinus in field of 1140 
video recorder vision in the sediment trap detected by the video recorder on 21 June (nighttime) and 1141 
27 June (daytime). The numbers in the inserts markfigures marked animals visible withinon the 1142 
field of view.frames. 1143 
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Fig.5. Weighted mean abundances (ind m-3) of Arctodiaptomus salinus in 0-15 m water column and 1148 
at trap depth, 12-15 m, in Shira Lake. For m calculation, data on 19, 21, 24, 26 and 29 June used. 1149 
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Table and Figure Legends 1151 
 1152 
 Table 1. Number of Arctodiaptomus salinus carcasses accumulated in sediment traps per day 1153 
(Y, ind d-1) and carcass abundances at trap depth, 12-15 m, average of 2-3 samples taken at the 1154 
beginning and the end of daily trap exposure (y*av , ind m
-3) in Lake Shira Lake (for calculation of 1155 
v*). 1156 
 Table 2. Number of Gammarus lacustris in the net column samples (ind. sample-1), at trap 1157 
depth and inside the traps, Lake Shira, Lake, 2015, dash – no samples. 1158 
 Table 3. In situ sinking velocity (v*, m d-1) of Arctodiaptomus salinus carcasses calculated 1159 
from Eq. 4 using data from Table 1 for Lake Shira. Lake, means labeled with the same latter are not 1160 
significantly different at P<0.05 after ANOVA post-hoc Fisher test. 1161 
 Table 4.Weighted mean abundances (ind m-3) of live and dead Arctodiaptomus salinus in 0-15 1162 
m water column and at trap depth, 12-15 m, in Lake Shira. For m calculations, data on 19, 21, 24, 1163 
26, 29 June were used (in bold). 1164 
 Table 5. Values of G, D and NPM (values (m, d-1) of Arctodiaptomus salinus in Lake Shira 1165 
Lake calculated from Eq.16Eq.6 and Eq.17.Eq.8. 1166 
 1167 
 1168 
Fig. 1. Schematic of the sediment trap with digital video recorder and mooring system. 1169 
 Fig. 2.(A) WindMagnitudes of wind speed, and current velocityvelocities at 14 m depth; (B) 1170 
isotherms evolution during the study period; of the field experiments; (C) mean vertical profiles of 1171 
temperature, salinity and density; (D) Vertical profile of the turbulent exchange coefficient KZ. 1172 
 Fig. 3. Vertical distribution of live and dead ArctodiaptomussalinusinLake  salinus in Shira 1173 
Lake on 21, 24 and 29 June 2015. The shaded panels correspond to the nighttime. 1174 
 Fig. 4. NumberDynamics of a number (as 10- min average) of Arctodiaptomus salinus in 1175 
field of video recorder vision in the sediment trap detected by the video recorder on 21 June 1176 
(nighttime) and 27 June (daytime). The numbers in the inserts markfigures marked animals visible 1177 
withinon the field of view.frames. 1178 
 Fig. 5. Weighted mean abundances (ind m-3) of Arctodiaptomus salinus in 0-15 m water 1179 
column and at trap depth, 12-15 m, in Shira Lake. For m calculation, data on 19, 21, 24, 26 and 29 1180 
June used. 1181 
 1182 
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Fig. 1. Schematic of the sediment trap with digital video recorder and mooring system.  
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Fig. 2.(A) Wind speed, and current velocity at 14 m depth; (B) isotherms during the study period; (C) mean 
vertical profiles of temperature, salinity and density; (D) Vertical profile of the turbulent exchange 
coefficient KZ.  
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Fig. 3. Vertical distribution of live and dead ArctodiaptomussalinusinLake Shira on 21, 24 and 29 June 2015. 
The shaded panels correspond to the nighttime.  
 
1521x1213mm (96 x 96 DPI)  
 
 
Page 99 of 100
http://mc.manuscriptcentral.com/jplankt
Journal of Plankton Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
  
 
 
Fig. 4. Number (as 10-min average) of Arctodiaptomussalinusin the sediment trap detected by the video 
recorder on 21 June (nighttime) and 27 June (daytime). The numbers in the inserts mark animals visible 
within the field of view.  
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